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PREFACE 


It httftiir to have become customary, in launching a new periodical or 
set of volumes in the field of medical research and its ancillary sciences, 
to adopt a faintly apologetic and deprecatory attitude; and it is particu- 
larly fitting to do so in the present case, which may be thought rather 
novel and ambitious both in plan and in objectives and which at best 
can hardly establish the general usefulness we hope for until several 
volumes have been distributed. 

This series is to be devoted to methods and techniques, and thero ore 
four main reasons for our conclusion that such a scries may be useful. 
In the first place, while the results of investigations are constantly subject 
to critical review, it is not usually easy to find anywhere an appraisal 
and discussion of the various methods that may have been proposed for 
the solution of some experimental problem. In tbe second place, it is 
becoming difficult, especially in physiology, to obtain publication of a 
paper dealing solely with a technique or even to include an adequate 
description of the technique in a paper describing tbe results obtained. 
Third, it frequently happens that a method is modified and improvod in 
continued uso, either in tbo laboratory whenoe it originated or elsewhere; 
such useful modifications find their way into print, if at all, only as brief 
and scattered indications and are to a great extent diffused by the un- 
certain process of personal communication. Fourth, many methods 
developed daring the war have been described only in official reports. 

Each volume will be divided into four or five principal, self-contained 
sections, each of which shall, for that volume, represent one of tho broad 
fields of medical research: biochemistry, physiology and pharmacology, 
microbiology and immunology, and biophysics including radiobiology. 
Within each of those broad fields wo shall try, year by year, to select 
narrower topics wherein a restatement of techniques seems timely. For 
example, the following topics havo been considered among many others 
for inclusion in forthcoming volumes: methods related to acetyl cholino; 
assay of hormones and tbeir excretion products in urine; experimental 
surgery of tho autonomic system; techniques of histochemistry; paper 
chromatography; design and use of stimulators ; methods in tbo study 
of pulmonary function; methods in the study of bacterial viruses; and 
so forth. 

When tho topics have been selected, wo shall try to find experts, like 
those who have so signally contributed to this first volume, willing to 
act as assodato editors for their assigned topic for tho year. The rer 
•ponsibiLitlcs of tbo associate editor are by no means light: it is for him 
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to select, within tho topic and the spa co nssignod, the methods most 
worthy of description and tho contributors Ixst fitted t.o describe. 
Obviously the methods most suitable for description in this form are 
those which are of wide actual or potential application and which Irnve 
not Ixxrn published in full or have been usefully modified since publica- 
tion; obviously, too, tho inclusion of a method stamps it as being con- 
venient and rollnblo in tho associate editor's expert estimation, but it 
docs not conversely follow that omitted methods arc of lesser value. 
Tho assoc iato editor may also send each contribution to another experi- 
enced investigator for comment and renew. 

As members of tho Governing Board, we arc very conscious of the 
lightness of our own responsibilities in comparison with thoeo of the 
associato editors and, still more, thooo of our Dr. V. R. Potter, who, to 
our great satisfaction, agreed to assume tho further ungrateful task of 
noting as Editor-in-Chicf for tho year, charged among other things with 
tho duty of distributing space among the sections. Any values which 
this volumo may hnvo must lw credited to the editors, the contributors 
and tho referees, rather than to us. It remains for us merely to select 
topics and to try to find oqually competent and conscientious editors 
for tho next volumo and its successors. To this end we should most 
gratefully receive and consider any suggestions that readers may care 
to send us. 

Ikybce H. Page 
A. C. Ivr 
Couk hL MacLeod 
Gaol F. Schmidt 
Etjoewb A. Stead 
David L. Thousox 
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SECTION I 


Assay of Antibiotics 

associate e d i t o n— Henry Welch 


INTRODUCTION 

The disco vest of penicillin by Sir Alexander Fleming and its rapid 
commercial development in this country stimulated widespread interest 
in antibiotics. Production of penicillin increased from a few million units 
in the latter months of 1942 to over 7000 billion unite per month during 
1948. The amaring production record is the result of the efforts of 16 
drug manufacturers in this country who, during the early part of World 
War II, were responsible for supplying great quantities of this valuable 
therapeutic agent to the armed forces of this country and to thoee of 
our allies. The therapeutio evaluation of penicillin was planned and 
arranged by the Committee on Medical Research of the Office of Scien- 
tific Research and Development who, with the co-opo ration of scientists 
throughout the country, demonstrated the efficacy of this drug for the 
treatment of a great variety of diseases. 

In the early studies of penicillin, biologic assays were utilised exclu- 
sively, but during the post three years, with the isolation of crystalline 
penicillin, both chemical and physical methods have been developed. 
These have proved to be quite satisfactory. The demonstration that 
penicillin as produced by the mold was not necessarily one substance 
but a combination of at least five penicillins, F (A , pentenylpenicillm), 
G (benxyl penicillin), X (P-hydroxybcnsyl penicillin), K (n-heptyl peni- 
cillin) and dihydro F (n-amyl penicillin), has been of considerable valuo 
in the development of definitive methods. 

Although amorphous penicillin, which was utilised In great quantities 
prior to March, 1946, had little or no toxicity, there has been a steady 
increase in the production of pure crystalline penicillin G since then 
until now more than 00 per cent of the penicillin administered parenter- 
al' In clinical practice Is crystalline material largely of the G typo. 
There ba* been considerable reduction in tho production of penicillin K 
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Ab compared to penicillin and streptomycin, bacitracin and tyrothricin 
are produced in relatively small amounts in this country. Because of 
their inherent toxicity, both are recommended for topical application 
only. There is a possibility that bacitracin, which is a polypeptide, may 
eventually be purified and utilised parente rally since conservative use 
of this drug systemically has already been successful in the hands of 
Mekney and his co-workers, the disco verere of this antibiotic. It is un- 
likely, however, that tyrothricin (a combination of 80 per cent tyroddine 
and 20 por cent gramicidin), now produced in small amounts in crystal- 
lino form, will ever be satisfactory for parenteral use. The methods 
described here for both bacitracin and tyrothricin are tentative. In the 
case of the former substance, more accurate methods must await its 
eventual purification; tyrothricin preparations, on the other hand, 
frequently contain substances which have been found to interfere with 
the assay methods so far developed. 

Teat methods chosen for inclusion in this chapter obviously do not 
include all of the reliable methods to be found in the literature. The 
methods included have, in most cases, been given extensive trial and 
have proved satisfactory. 


— Hettet Welch. 
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which, although more active than ponldMa G in vitro, has only a /mo- 
tion of its activity in vivo. Control of tho quantity of penicillin K is 
maintained by regulation, as is tho control of all penicillin and strepto- 
mycin preparations, under an amendment to the Federal Food, Drug 
and Cosmotic Act. Penicillin for use in the body must not contain more 
than 30 per cent penicillin K, while products labeled as containing 
crystalline penicillin G must contain at least 85 per cent of this fraction 
by weight. Although no penicillin X is availablo on tho market at this 
tirao, tho regulations requiro a product to contain at least 60 per cent 
of a salt of penicillin X to bo labeled as this fraction. Methods for tho 
assay of penicillin for G, K and X content are Included in this section. 

Although it may bo said that penicillin was discovered by accident, 
tho discovory of streptomycin, our second most important antibiotic, by 
Waksman and his co workers was tho result of a carefully designed in- 
vestigation. These workers were scorching for an antibiotic antagonistic 
to gram-negativo organisms to complement the activity of p enicillin 
which is selective for gram-positive organisms. Unlike penicillin, strepto- 
mycin lias some toxicity, particularly when it is used in Mg daily 
doses for 1-3 months, as is dono in tho treatment of certain types of 
tuberculosis. Deafness and vertigo duo to eighth nerve damage may 
result even when crystalline streptomycin (the caidnm chloride, tri- 
hydrochlorido double salt of streptomycin) is used for treatment. In the 1 
treatment of other diseases for which streptomycin is effective (Hem- 
ophilus influenzae meningitis, tularemia and gram-negative urinary tract 
infections) the total dosage is so low that few if any toxic reactions are 
observed. 

The manufacturing experience gained by industry in this country in 
the development of penicillin production has been of great value in the 
development of production methods for streptomycin. As a result, in a 
relatively short time production of streptomycin reached 1,000,000 g per 
month early in 1947 and was double that by the end of the year. One 
manufacturer (the largest at this time) is now producing only crystalline 
material. As with pernodlm, early indications were that streptomycin 
was a single entity, but it soon became evident that it consists of at 
least three different “streptomycins,” streptomycin A, streptomycin B 
and a third fraction unclassified. These streptomycins differ jn their 
activity against sensitive organisms and oocur in commercial strepto- 
mycin in va ryin g concentrations, depending on the manufacturer and 
the extraction procedures utilised. It ca n be said, however, that strepto- 
mycin A (which is approximately five times as active as streptomycin B) 
constitutes about 70 per cent of commercial amorphous streptomycin. 
The methods described for the assay of streptomycin in this section are 
both biologic and chemical. However, the fact that commercial strepto- 
mycin has been found to be not a single entity has delayed development 
. of accurate chemical methods, although the methods used are quite 
sufficient for clinical evaluation of this drug. 
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As compared to penicillin and streptomycin, bacitracin and tyrothridn 
are produced in relatively small amounts in this country. Because of 
their inherent toxicity, both are recommended for topical application 
only. There is a possibility that bacitracin, which is a polypeptide, may 
eventually be purified and utilised parenterafly since conservative use 
of this drug system! cally has already been successful in the hands of 
Meleney and his co-workers, the discoverers of this antibiotic. It is un- 
likely, however, that tyrothricin (a combination of 80 per cent tyrocidine 
and 20 per cent gramicidin), now produced in email amounts in crystal- 
line form, will ever be satisfactory for parenteral use. The methods 
described hare for both bacitracin and tyrothricin are tentative. In the 
case of the former substance, more accurate methods must await its 
eventual purification; tyrothridn preparations, on the other hand, 
frequently contain substances which have been found to interfere with 
the assay methods so far developed. 

Test methods chosen for inohision in this chapter obviously do not 
include all of the reliable methods to be found in the literature. The 
methods included have, in most cases, been given extensive trial and 
have proved satisfactory. 

— Hratr Wsurn. 



ASSAY OF PENICILLIN POTENCY: A. BIOLOGIC 
METHODS 


1. COMMERCIAL PREPARATIONS 


Cylinder-Plate Assay 1 

PROCEDURE 

а) Cylinder i (cups ) .—Use stainless Btccl cylindera with outside diam- 
eter 8 mm (±0.1 mm), inside dlnmotor 0 mm (±0.1 mm) and length 
10 mm (±0.1 mm). 

б) Culture media . — Use ingredients that conform to standards pre- 
scribed by tho TLSE. or N E. 

1. Make nutrient agnr for tho seed layer and for carrying the test 
organism aa follows: 


Peptone 6.0 c 

Pancreatic digest of casein <0g 

Yeast extract 8.0 g 

Beef extract 1.6 g 

Qlucoae 1.0 g 

Agar 15.0 g 

Distilled water, qa. 1000.0 ml 

pH 0JJ-6.6 alter sterilixatkin. 


2. Make nutrient agar for base layer as follows : 


Peptone 

Yeast extract. 
Beef extract.. 


Agar 

Distilled water, qji. 

pH 0JS-6.O liter sterilisation. 


aog 
3.0 * 

lAt 

15.0 g 
1000.0 ml 


3. Make nutrient broth for preparing an inoculum of the test or gan is m 
as follower 


Peptone 5.0 g 

Yeast extract 1J C 

Beef extiact : 1*5 t 

Sodium chloride 345 g 

Qlucoae ■ • • • • * l‘2o g 

Dipotasahxm phosphate 3-Co g 

Potaarinm dihydrogen phosphate 1-33 g 

Distilled water, qa. 1000.0 ml 

pH 743 after ste rili satio n . 


i Pood and Dmx Administration, Fsdsrml Beenrity A*an«y. Offldal Method, FodersI 
Harter, Ape. 4, 1M7. 
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Instead of media prepared from the individual ingredients specified in 
paragraphs (6) (1), (2) and (3), media may be made from a dehydrated 
mature which, when reconstituted with distilled water, has the same 
composition as such media. Minor modifications of the individual in- 
gredients specified in paragraphs (6) (1), (2) and (3) ore permissible if > 
the resulting media posses* growth-promoting properties at least equal 
to those of the media described. 

c) Working standard . — Keep the working standard (obtained from 
the Food and Drug Administration) in tightly stoppered vials, which 
in turn are kept in larger stoppered tubes containing anhydrous calcium 
sulfate, constantly in the refrigerator at 15 C (69 F) or below. Weigh 
out carefully in an atmoephore of 50 per cent relative humidity or less 
between 4 and 6 mg of the working standard and dilute with sterile 1 
per cent phosphate buffer (pH 0.0) to make a stock solution of any con- 
venient concentration. Keep this solution at a temperature of about 10 C 
and use for 1 day only. From this stock solution make appropriate- 
working dilutions. 

d) Preparation of sample . — Dissolve asepticafly, in storilo distilled 
water, tho somplo to bo tented to make an appropriate stock solution. 

s) Preparation of plates . — Add 21 ml of agar to each Petri dish (20 X 
100 nun). Distribute the agar evenly in the plates and allow it to harden. 
Use the plaios the same day they are prepared. The test organism is 
Staphylococcus aureus (FDA 209-P or American Type Culture Collection 
|ATCC] 9144). Maintain the test organism on agar slants and transfer to 
a fresh agar slant about once a week. Prepare an inoculum for the plates 
by transferring the culture from the agar slant into broth and incubate at 
37 C. From 10 to 24 hr thereafter add 2.0 ml of this broth culture to each 
100 ml of agar, which ha* been melted and cooled to 48 C. Mix the cul- 
ture and agar thoroughly and add 4 ml to oach of the plates containing 
the 21 ml of uninoculated agar. Tilt the plates back and forth to spread 
the inoculated agar evenly over tho surface. Porcelain oovers glased on 
the outside are used. Place four cylinders on tho agar surface so that they 
are at approximately 90° intervals on a 2,8 cm radius. In placing the cyl- 
inders drop them from a height of */t in., using a mechanical guide or de- 
vice. 

A suspension of tho teat organism may be used in place of the broth 
culture in preparing the inoculum for tho seeding of plates. Prepare such 
a suspension as follows: Wash the organisms from an agar slant, which 
ha* been Incubated for 24 hr at 37 C and stored for 24 hr at room tem- 
perature, with 2.0 ml of ate rile physiologic saline onto a large agar surface 
such as that provided by a Roux bottle containing 300 ml of agar. 
Spread the suspension of organisms over the entire agar surface with tho 
aid of sterile glass beads. Incubato 24 hr at 37 C and store for 24 hr at 
room temperature. Wash tho resulting growth from the agar surface with 
about 50 ml of sterile physiologic saline. Standardize this suspension by 
determining the dilution which will permit 20 per cent light transmission 




indaxj ^from tro-dom fonr-plato method, ratio of dmc* 
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through a filter at 6600 A in a photoelectric colorimeter. Add 1 J>-2.0 ml 
of this resulting dilution to each 100 ml of agar which has been melted 
and cooled to 48 C to prepare the inoculum for tbo plates. The suspension 
may be used for 1 week. 

f) Assay. — Use four plates for each sample. Fill one cylinder on each 
plate with a 1.0 unlt/ml dilution, and one with ft 0.25 unit/ml dilation, 
of the working standard. Add the estimated dilutions of 1.0 unit/ml and 
025 unit/m] of the sample under test to the remaining two cylinders on 
each plate. Carefully place the plates in racks and incubate 16-18 hr at 
37 C. After incubation, measure the diameter of each circle of inhibition 
to the nearest 0.5 mm, using a colony counter with a millimeter scale 
etched into the supporting glass over the light source. Other measuring 
devices of equal accuracy may be used. 

g) Estimation of potency and error. — 1. Use the chart (Fig. 1) and nomo- 
graph (Fig. 2) for estimating potency and its standard error. To use the 
chart for estimating potency two values, namely, V and TF, are required. 
For each plate calculate two values. 


and 


» - (U L + U M ) - (5i + Sb ) 

1 1> - ( Ub + Sb) — (t/i + 8l), 


where S M and S L are the diameters of the *ones of inhibition in milli- 
meters of the 1.0 unit and 025 unit dilutions of the standard, respec- 
tively, and U m and U L refer similarly to the corresponding dilutions of 
the sample under test. The value of V is the sum of the v values for all 
plates and TF is the sum of the id values for all plates. To estimate po- 
tency, locate the point on the chart corresponding to tho values of V and 
IF; the potency can be read from the radial lines on the chart. 

2. The standard error of the assay is estimated by using the nomograph 
(Fig. 2) which requires five values, namely, the potency, F, TF, Rv and 
Rw. Rv (range of the p’s) is the highest value of v minus the lowest value 
of v obtained from the individual plates. Similarly, Rw is tho difference 
between the highest and the lowest t o value- After obtaining theso five 
values, connect with a straightedge the points corresponding to p and w 
on the respective scales on the right nomograph (Fig. 2 B). Mark with a 
pin or sharp-pointed pencil the intersection of the straightedge and the 
diagonal line of the nomograph. Move the straightedge so that it con- 
nects the value of Rw on Ha scale and the diagonal lino at the point of the 
pin. The value for Q is thus determined by the scale valuo whore the 
Btraightedgo crosses tho line labeled "Q.” T is obtained by adding the 
square* of Q and Rv. On the loft nomograph (Fig. 2A ) connect the values 
of T and IF with the straightedge and read the vnlue of the ratio (stand- 
ord error of assay-potency) where the straightedge Intersects the scale of 
values for tho ratio. This vnlue multiplied by the potency equals the per- 
centage *tondnrd error of tho assay. The standard error of tho assay cal- 
culated hero estimates only bow closely one essayist can check himself on 



Ratio: Standard Error of Assay/Pbtency 



CCSO 
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any given set of dilutions of unknown and standard. It does not include 
any errors of weighing or errors due to variations in materials or sub- 
divisions of a lot of penicillin. 



Fio. 2fi. — Prnldtlin uny. Nomograph for flrtim&tinfi itaadard error of asny: 
tiro-doae, foor-plate method; ratio of doaet 4:L 

Figure 1 should not be used for determinations of potency lower than 
60 per cent or higher than 160 per cent of the standard. If potency lies 
outside these limits, the assay should be repented with a higher or lower 
dilution. The radial lines on the chart beyond these limits permit rough 
estimation of potency from as low as 6 per cent to ns high as 1000 per 
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cent when low values of IF arc found. If tho value of V or W falls outside 
the limits of tho chart, divido both V and W by tho same proper number 
to bring them into tho rango of the chart and road tho potency from the 
radial lines os before. If 11.4 The is greater than IT, tho Blopo of tho assay 
does not differ significantly from zero and tho assay is invalid. (The 
figure 11.4 was obtained by use of Student's "t” test for determining the • 
significance of a slope.) 

In certain laboratories it has been noted that with tho 4:1 ratio, in- 
volving concentrations of 0.25 unit for the low dose, tho xono of inhibition 
given by this dose may either bo too small for accurate reading or have 
edges which are poorly defined. To permit use of a higher concentration 
of penicillin for tho low dope, a chart (Fig. 3) may bo used in assays in 
which the ratio of doses is 2:1, he., the high dose (s/7) is twice tho low 
dose (sL). As in Figure 1, if tho potency lies outside the limits of 60 and 
150 per cent the assay should bo repeated with a lower or higher dilution. 
Tho potencies boyond these limits are to bo used for rough estimation 
purposes only. These extensions can also be used for four (or more) plate 
assays if both V and TF are divided by tho same proper number to bring 
them into the tango of tho chart. The standard error of the assay using 
tho ratio of doses of 2 : 1 is estimated by employing the nomograph (Fig. 

2) In tho same manner as described for the 4: 1 ratio of doses. However, 
the resultant standard error of tho assay derived in this manner must be 
divided by 2 to give the correct standard error of the assay for the 2:1 
ratio of doses. 

Potency of a sample may also be determined by the standard curve 
technique, using a single doeo of standard and unknown. 

Dilute tho sample to be tested to 1.0 anit/ml (estimated) in 1 per cent 
phosphate buffer pH 0.0. Place six cylinders on the inoculated agar sur- 
face at approximately 60° intervals on a 2.8 cm radius. Use three plates 
for each Bample. Fill three cylinders on each pinto with the 1.0 umt/ml 
standard and three cylinders with the 1.0 imit/ml (estimated) sample, 
alternating standard and sample. Incubate the plates for 10-18 hr at 87 
C and measure the diameter of each circle of inhibition. At the same time 
prepare a standard curve using concentrations of the standard of 0.0, 

0.7, 0.8, 0.0, 1.0, 1.1, 1-2, 1.3, 1.4 and 1.6 unit/ml in sterile 1 per cent 
pheepbate buffer pH 0.0. Use three platee for determination of each point 
on the curve, a total of 27 plates. On each of three plates fill three cylin- 
ders with the 1.0 unit/ml standard and the other three cylinders with the 
concentration under test. Thus there will be 81 one-unit determinations 
and nin e determinations for each of the other points on the curve. 

After the plates have incubated, read the diameters of the circles of in- 
hibition. Average the readings of the 1.0 unit/ml concentrations and the 
readings of the point tested for each set of three platee, and average also 
all 81 readings of the 1.0 unit/ml concentration. The average of the 81 
readings of the 1-0 unit/ml concentration is the correction point for the 
curve. Correct the average value obtained for each point to the figure it 
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would bo if tbo 1.0 unit/ml reading for that sot of three plates were the 
same a a the correction point Thus, if in correcting the 0.8 unit/ml con- 
centrations the average of tbo 81 readings of tho 1.0 unit/m! concentra- 
tion is 20.0 mm, and the average of the 1.0 unit/ml concentration of this 
set of three plates is 10.8 mm, tho correction fa 0.2 mm. If the average 
reading of tho 0.8 unit/ml concentration of these same tiirce plates is 
10.0 mm, the corrected value fa then 19.2 mm. Plot these corrected 
values, including tho average of tbo 1.0 unit/ral concentration, on 2 cycle 
semilog paper using tho concentration in units/ml ns the ordinate (the 
logarithmic scnlo) and tho diameter of tho rone of inhibition as tho 
abscissa. Draw tho standard curvo through theso points. The 10 points 
selected to determine the curvo nro arbitrary and should be so chosen 
that tho Umita of tho curve will fill tho neods of tho laboratory. However, 
the potency of tho sample under test should fall in tlio interval of from (30 
to 150 per cent of the correction point of tho standard cunt;. 

To estimate potency of tho sample, average tho rone readings of the 
standard and the xono readings of tho sample on tho three plates used. 
If the sample gives a larger average rone sire than the average of the 
standard, add tho difference between them to tbo 1.0 unit/ml rone on tbe 
standard curve. If the average samplo valuo fa lower than the standard 
value, subtract tho difference between them from the 1.0/ml unit value 
on the curve. From tbe curve read the potencies corresponding to these 
corrected values of xono sixes. 


Filter Paper Disk Method* 


PROCEDURE 


Transfer the test organism, Staphylococcus aureus (strain H), from an 
agar Rian t through peptone broth for two 24 hr growth periods at 37 C. 
Hold the »econd transfer at 0 C for 16-18 hr. 

Pipet 10 ml of fresh nutrient agar into uniform, flat-bottomed Petri 
dishes and incubate for 10-18 hr at 37 C. Hold these plates fn the refriger- 
ator for at least 1 hr. 

Hood each plate with 1 ml of refrigerated culture. Remove the excess 
with a capillary pipet, dry the plates for 1 hr at 37 O (use wooden racks 
which support the top half of the Petri dish above the bottom half bo that 
there fa about l /t in. clearance). Store the plates in the refrigerator, in- 
verted, at least 1 hr. ^ 

Sterilize filter paper disks by dry heat and immerse in tbe test fluid 
until saturated (30 sec). Remove from the fluid with sterile forceps and 
gently shake off the excess, place on the aeeded plates and set the disks 
in place with special care without smearing tbe surface of the agar. Place 
three filter papers, evenly spaced, in each plate. Ron triplicate plates for 


» Vincent, J. G., ud Vincent, H. W.: Flit* ° lford 

P^iailln. d«tannin*tk*i*> Proc. Soc. E*p*. BJoL k. Med. M. KB. 
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greater accuracy. One of the disks on each plate may be a standard peni- 
cillin control. 

Incubate the plates, not inverted, at 37 C for 14 hr (placed on a wooden 
block to avoid excess condensation). 

A clear well defined *one of inhibition will appear around each disk 
when viewed with a diffuse light if the test fluid contains more than */« 
unit of penicillin. Compare the diameters of the rones with a standard 
curve of a known sample to determine the concentration of penicillin. 
NOTES 

1. Dilute the sample to approximately l unit/ml for best results. 
Penicillin samples containing more than 4 unrta/ml can be measured with 
the disk method, but with no great accuracy. 

2. Nutrient broth, 1 per cent peptone, 0.5 per cent Nad. 

3. Filter paper disla no. 740-E, '/* hi. diameter. Schleicher and Schuell 
Company, Inc., New York. 


Rapid Determination of Susceptibility to Penicillin and 
Streptomycin* 


PROCEDVKE 

Cut disks, 0.5 mm in diameter, from Whatman no. 3 filter paper. 
Sterilire in a hot air oven. Prepare solution* of penicillin, 15 tmita/ml, 
and of streptomycin, 500 yg/mL Streak blood plate{«) with clinical speci- 
men (s). Dip one of the disks into tho solution of penicillin with alcohol- 
flamed, fine-pointed forceps. Remove excess solution by placing the disk 
fist against the wall of tho tube. Place the saturated disk on the left side 
of the inoculated plate in the area of tbs primary inoculum. Place the 
disk saturated with the solution of streptomycin on the right side of the 
plate. After overnight incubation examine the plates for predominating 
organism*. Measure rones of inhibition around the disks with a milli- 
meter ruler. Evaluate relative susceptibility of organisms according to 
rone sire at in the tabulation. 



Xaxa o* 
[unarnox. lltc 

8tr*c*rr. B.«n, 

Rru. Scwcrrx. 

PmkiRlrv 

>20 

< 0 1 unlt/ml 

Verv 


10-20 

0 1-0.4 unit/ml 

MoA 

Streptomycin 

<10 

>0.4 Halt /ml 

Rwtji, 

>15 

<4 pgjmt 

Vcrr 


10-15 

4-2S MiJm 1 

H«L 


<10 

>2& 

UrUit. 


NOTES 


l. Standardised solutions of the antibiotic should be stored In the re- 
frigerator. Fresh solutions should bo prepared at frequent in ten-ala. 

* PpnUdia*. E. II.; Smith. t>. E_ wxj £*«*, C. C.r Rotitin* anthod. ft* 

SuKst!' *° JwHam * ad oiLn “U 1 **** Am.T m7 S 
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Solutions arc best prepared in N/16 phosphate buffor, pH 6 for peni cillin 
and pH 8 for streptomycin. 

2. Doth disks should bo placed In comparable positions with respect 
to the inoculum. Tho amount of growth influences reno sire, although 
slight variations in iono sire do not materially influence final evaluation 
of relative susceptibility. 

8. Heavy growth of resistant organisms may mask renes of inhibition 
of susceptible organisms. In such instances it may bo necessary to sub- 
culture to freah plates and repeat tho tests. 

4. Since activity of streptomycin is reduced under anaerobic con- 
ditions, only aerobio plates should bG used in evaluating susceptibility to 
this agent. This Is not true of penicillin. 

5. Tho method may be used for testing susceptibility to any other anti- 
bacterial agent which is water-soluble and diffusible. 

0. Tho rather broad limits of susceptibility by this method are suffi- 
ciently accurate to servo as a guido in therapy. 

Type 8 of Penicillin in Miitures 4 


PROCEDURE 

For each of tho three assay organisms (see Notes) prepare 50 tubas 
(18 X 160), each containing 10 ml of sterile medium (see Notes). Freparo 
sterile solutions of standards for each type of penicillin at two concentra- 
tion levels (10 and 2.5 units /ml) and add them aeeptictUly in graded 
levels with a micropipet to cover the ranges indicated in the tabulation. 


PondLUN IffmemoK Rxmok* is Unttb/Ml 


Omumm 

| Ttt* ot Fmtnui 

1 o 

1 I 

1 T 1 K 

Staph awrtiu 

B. brent 
Organism E 

0.0 -0.025 
0.01 -0 03 

0 015-0.03 

0.02 -O.Ofl 
0.0075-0.02 | 

mm for penicillin G 

1 0.03-0.07 1 0.Q5-U.12 
0.03-0.06 | 0.04-0.10 


Use about 10 tubes per penicillin type per organism. Add the unknown 
in graded levels as for the standards. Inoculate with 1 drop per tube of a 
16 hr culture of the appropriate organism for each set. (Inocula are 
grown in the regular assay media; their turbidity measured in per cent 
transmission should be about 65 far Staph, ourmis, 80 for B. breri* and 00 
for organism E.) Incubate Staph aureurt tubas for 15 hr at 37 C, B. bran* 
tubes for 16 hr at 87 C on a shaker and organism E for 16 hr at 45 G in a 
water bath. Read turbidity on an Evelyn photoelectric colorimeter with 
a 660 m filter. Plot galvanometer readings against units/mL (The last 
values are determined from the Staph, ourrui curve obtained with crys- 


i Htrnrlil. K. md Pittnai, W. H.: Ertimxtk* 
diffeiwitiii micro Woiock*! Uid. En*. C3m 


i of typ«* 
KnoL «L 


ot penloflHn tn mixture* by 
19: 08. 1M7. 
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tallino p enicillin Q of 1667 units /mg potency.) For a level of inhibition 
with the unknown selected about in the middle of the growth curves, cal- 
culate the ratio of potency of p enicillin X, F or K aa compared to G and 
use these values in the equations illustrated below. A typical ex am ple for 
a mixture containing penicillin G, X and K was found to calculate as 
follows: 

Calculi ted for 100 tmha of the unknown: 

Q -f X + K - 100 (aurtu tm&f rulno) 

G + 0.65X + 0.20K — ffccma soot raloe tn term* of G) 

G -j- 1.80X -j- 0 -81K - (organism E way rmlue tn term* of G) 

The letters represent the amount in per cent of the designated penicillin 
that is present. Solve the eet of simultaneous equations for composition 
of the mixture. Since the constants representing the ratios of penicillin 
potencies as compared to G vary somewhat, they must be determined at 
each assay. 

NOTES 

1. The three organisms are Staph, aitreut 209-P, B. brevis ATCC 8185 
and an unidentified spore-forming lactic organism designated as E. All 
are carried on 0.2 per cent glucose, 0.3 per cent Difoo yeast extract agar. 
The method is strictly applicable only when the types of penicillin pres- 
ent are known and no more th/m three are present. However, the data ore 
of value even under more complex conditions. 

2. Composition of assay mocha (g/liter) : Staph, aureus medium: Difco 
Yoast Extract 3.0, Bacto Peptone 6.0, glucose 2.0, Armour Beef Extract 
1.5. B. brevis medium: Difco Yeast Extract 3.0; Bacto Peptone 0.0. 
Organism E medium : Difoo Yeast Extract 3.0, Bacto Peptone 6.0, glu- 
cose 2.0, KH,PO« 5.0, K,HP0 4 0.6. 


Differential Assay Procedures 


I. Cylinder-Plate Technique — Staphylococcus aitreus FDA 209-P 
test organism 


PROCEDURE 


Place 80 ml of sterile base agar (medium I, p. 10) in the sterile Peoria 
type assay tray and allow to harden at room temperature. Drop stainless 
steel cylinders on the hard agar, then transfer the trays to the 55 C incu- 
bator preparatory to flooding with 48 C flooding agar (medium II) con- 
taining tho inoculum. 

Prepare a standard solution of penicillin G containing 1 unit/mi in 1 
per cent phosphate buffer pH 0.0. One or more dilutions of the samples 
ore prepared in buffer to contain an estimated 1 unit/mL One third of 
the cylinders on the assay tray are devoted to the standard and two 


' Pt timid t, V . 1U Fcbrulry- Laboratories, LawTrncrtxirt, lad. Unpabfiatwd data. 
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thirds to the samples. Fill the cylinders level with the top with the peni- 
cillin solutions. Xncubato the tniys at 37 C for approximately 15 hr. 
Measure and record tho zones of inhibition to tho nearest 0.1 or 0.2 mm. 
Calculate potency by means of a standard curve prepared by plotting the 
average value of 100 determinations on each of five different concentra- 
tions of penicillin ranging from 0.25 to 2.5 units/mL Plot the curve either 
as concentration va. diamoter of xono of inhibition or log of concentration 
vs. diameter squared. With this curve convort rones of inhibition of un- 
knowns to units/ml and multiply by the dilution factor. 

KOTES 

1. Petri dishes may bo used in place of tho Peoria typo assay tray. 

2. Maintain etock cultures of Staph, aureus FDA 209-P on tryptoee 
agar (medium III). Store slants in refrigerator after growth has occurred. 

3. The cell suspension used for inoculating the flooding agar is prepared 
as follows: 

а) Transfer inoculum from a slant culture to a flask containing 60 ml of 
brain heart infusion broth (medium IV). Incubate at 37 C for 16 hr. 

б) Streak from broth ono tryptoee agnr plate (medium III) and inou- 
batg 10 hr at 37 C. 

c) Pick well Isolated deop orange colonies, streak three tryptoee agar 
slants and incubate for 16 hr at 37 C. 

d) Wash cells from slants with sterile 1 per cent buffer pH 6.0 and use 
the suspension to inoculate a bottle containing 300 ml of tryptoee agar 
(medium HI). Draw off excess fluid after the surface of the agar has been 
completely covered. Incubate for 16 hr at 37 C and allow the culture to 
stand at room temperature for another 24 hr before removing the cells. 

e) Wash cells off the agar in the bottle with 25 ml of sterile 1 per oent 
phosphate buffer pH 6.0. Store in a sterile bottle in the refrigerator. 


II. Cylinder-Plate Technique — Bacillus subdlis NRRL B-658RB 
test organism 


PROCEDURE 

The procedure is the same as that for Staph, aureus exoop t: 

1, Substitute medium V for medium H. 

NOTES 

1. Maintain the organism on medium VI. Plates are streaked daily on 
medium and rough colonies are selected the following day for trans- 
fer to broth. Incubate the plates at 30 C. 

2. Medium VII is inoculated with rough type colony, then shaken for 
15 hr at 30 C. Use 2 ml of this broth culture per 100 ml of flooding agar. 
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IIL Cylinder-Plate Technique — BadUus subtUia NRRL B-55SS 
test organism 

PROCEDURE 

The procedure is the same as that for Siaph. aureus except: 

1. Substitute medium VlII for medium II. 

2. Incubate trays at 30 C. 

NOTES 

1. Maintain the organism on medium VTII. After 16 hr growth at 30 C, 
place in the refrigerator. Replace the stock culture every four days. 

2. Inoculum is produced by growing the organisms in medium IX with 
shaking for 16 hr at 30 C. Use 1 ml of broth culture per 100 ml of flooding 
agar. 

IV. Cylinder-Plate Technique — Leuconostoc dextrardcum NRRL 
B-640 test organism 

PROCEDURE 

The procedure is the same a a that for Siaph. aureus except: 

1. Substitute medium X for in odium IL 

2. Incubate trays at 26-28 C. 

NOTES 

1. The cell suspension used for inoculating the flooding agar is prepared 
as follows : 

a) Wash cells from one or two slants (medium III) with 8-10 ml of 1 
per cent sterile buffer pH 0.0. 

b) Inoculate a bottle containing 300 ml of medium X Incubate at 25- 
28 C for 16 hr. At the same time inoculate one flask of B-640 broth (me- 
dium XI) to be incubated at room temperature and shaken on a Burrell 
shaker for 1G hr. 

c) Wash cells from the agar surface with 26 ml of sterile buffer pH 0.0 
and place the suspension in the refrigerator. Approximately 0.2 per cent 
inoculum (0.2 ml of cell suspension per 100 ml of flooding agar) is used for 
seeding the flooding agar (medium X). The cell suspension must be re- 
newod weekly. 

d) Use the broth culture to prepare additional slants. 

2. The assay trays must be used shortly after tho flooding flfmr has 
hardened or tho troys must be refrigerated. This precaution is necessary 
becauao tho organism grows rapidly at usual room temperatures. 
GENERAL NOTES 

Penicillin K and X analyses. — The relative responses of the different 
test organisms to the various penicillins follow. 
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When more than two types of penicillin nre present in n samplo the 
differential assay loses its unique value. Hofrever, separation of tho peni- 
cillins by extraction is exceedingly helpful in obtaining reliable data. 
The following extraction procedures provido means for preparing samples 
and for calculating results. 

I. Penicillin K analysis 

A. Preparation of samplo 

1 . Adjust samplo to pH G.O with 0.3M H,PCb or 0.3M NaOH. 

2. Extract with 2 volumes of freshly washed CHCb. 

3. Extract twico from CFIClj with 0.3M phosphate buffer at pH 

7.6. 

4. Submit for assay 

a) Initial samplo, 

b) Extracted portions, 

c) Residual aqueous portion. 

B. Assay procedure. All samples are assayed against Staph, aureus. 

In addition, the extracted portion is assayed against either 
strain of B. subtitis, B-668RB or B-568S. 

Prepare a chart plotting percentage K on the X axis and 
assay ratios, B. subtilis-Staph. aureus on the Y axis. A lino is 
drawn connecting the point 100 per cent K on the X axis with 

0.06 on the Y axis. Plot the assay ratio obtained by B. subtilis- 
Staph. aureus assay of the extracted material on this line and 
read the percentage K from the graph. Multiply this value by 
8 to give total units of K in the original sample. 

II. Penicillin X analysis 

A. Preparation of sample 

1. Extract sample with CHCb at pH 2.0, ma i n ta inin g system at 

2 C. 

2. Extract CHCb twice with phosphate buffer at pH 7.5. 

3. Submit for aaay 

a) Aqueous residue of original sample, 

b) Extracted portion. 

B. Assay procedure. Assay all samples on Staph, aureus and on L. 

dextranieum; B. subtitis B-668RB may be used in lien of L. dex- 
trameum, but the latter is preferred. Prepare a chart plotting 
percentage X an the X axis and assay ratios L. dextranieum- 
Staph, atasus on the Y axis. The assay ratio obtained by differ- 
ential assay of the extracted material becomes a point cm the Y 
axis representing 0 per oent X. The aaay ratio obtained by 
differential essay of a pore X standard becomes a point on the 
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Y axis representing 100 per oent X- Connect these two points. 
Plot the ratio of the residual material on this line and read per- 
centage X in residual material from the graph. 


Media 


Medium I (baao agar) 

NZCaae* 

Beef Extract (Difeo) . . 
Yeast Extract (Difeo). 


KM) c 

1*8 

34)g 

174) ( 

10004) ml 

Medium II (flooding agar for Slaph. catrtut) 

NZCmb* 104) g 


Agar 

DtatHled 


water, qj.. 


Beef Extract (Difeo) . . . 

Yeaat Extract (Difoo). , 

Dextroae 

Agar 

Chance vegetable dye (optional) . 


1*8 
84) c 

1.0 g 

174) g 

— . oj; i 

Distilled water, q.a. 1000.0 ml 

Medium m (atock oulture medium for fitopA. amu) 

Tryptoae (Difoo) 20,0 g 

Dextroae 14) g 

Bodlom chloride 84) g 

Agar 204) g 

Dialled water, q*. 10004) ml 

Medium IV (broth culture medium for Stop*. <mr**a) 

Brain Heart Infaakm Broth (Difeo) 87.0 g 

Dlatilled water, qa. 1000.0 ml 


Medium V (flooding 
e (Difeo)... 


w „ agar for B. nbtOit NRItL B-B8SBB) 

Peptone (Difeo) 84) g 

Gajitocef or N Z Cue 

Yeaat Extract (Difoo) 

Beef Extract (Difoo) 

Oloeoao 


Agar. 

Blue 


Blue vegetable dye (optional) 


84) g 

8.0 g 
1*8 
10.0 g 

164) g 

Hr 


Dktflled water, q j. 1000.0 ml 

llwfium VI (for main tabling B. ntUilit NHBL B-88SBB) 
Peptone (Difoo) 8.0 g 


Cad tone (Difoo) 84) g 

Yeaat Extract (Difoo) 8.0 g 

Atw 204) g 

DlatlUed vrattr, q*, 10004) ml 


Medium VH (for broth culture of B. nUxlit NTIRL B-868RB) 
aa medium VI except for elimination of agar 

SMfaa, Vin IBoaSat «Jir for B. at* Hit NB EL BSS8S) 

1O0, 

Yf“* Eitrwot (Difeo) 80 j 

T 1 ”**" 8.01 

^5. (opUoo^) OjJ 

water, q t. 1000.0 b 




.0 ml 


T*r»* I»< 
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Medium IX (broth medium for B. tubiilii NRRL B-56SS) 

Peptooo (Difoo) 5,0 g 

Yeaxt Extract (Dlfeo) 3.0 r 

Beef Extract (Difeo) 1 jj g 

Gltteoeo 8.0 a 

KtljPOi. 2* J 

Distilled water, qj 1000.0 ml 


Medium X (Qoodin* »nd inoculating ipir for L. drxUoniatm 
NIUiLlMRO) 

N Z Case HO g 

Yeast Extract (Difeo) . . 5.0 r 

Beef Extract (lHfeo). 3.0 g 

Yellow vcfrtamo dyo (optional) 0 i> g 

Aktlt 16.0 g 

Durtlfled water, qjj. 1000.0 ml 


Medium XI (broth medium for L. dtxtmnicain NRRL B-640) 
Same as medium X except for elimination of the dye 
and the a par 


Three-Hour Cylinder-Plate Assay 4 


PROCEDURE 


а) Preparation and incubation of plain. 

1. Prepare and seed plates with Staph, aureus os for the standard cup- 
plate method of assay (p. 5). 

2. Incubate seeded plates for 3 hr at 38 C. This is the pro-incubation 
period without penicillin. 

3. Store plates in a refrigerator for a few hours or days until needed, 
Pro-incubatcd plates have been used with entirely satisfactory result* 
after 6 days in a refrigerator, 

4. Place standard peni cylinders and fill with solutions to bo tested after 
the pre-incubated plates have come to room temperature. 

5. Re-lnoubate plates for 3 hr at 38 C (postincubation). Satisfactory 
images may be developed on plates with 2,6 hr of postincubation under 
favorable conditions, but for routine assays, plates with 8 hr of post- 
incubation are preferred because the boundaries between zones of inhibi- 
tion and noninhibition are sharper. 

б) Physical development . — After removal from the incubator, treat the 
plates as follows: 

1. Flood with about 30 ml of a 0.1 per cent aqueous solution of silver 
nitrate without removing cylinders. 

2. Expose for 2.5—3 min to illumination from two 40 vr daylight fluores- 
oent lamps mounted in a reflector* at a distance of about 35 cm. This ti 
equivalent to approximately 350 ft-c- Additional short exposures to 
ordinary laboratory fllnminationa are not detrimental. 

3. Remove excess silver nitrate solution with a suction device. 


• Goymn, F. M. ; Oufnmcrr, J.; Btnalt, L. A., and Prmtt, R.: Thr^hour “phriio*! d*- 
Tdopm®? 1 oop-pUt# mj for pankfltfn, J. Am . Ffcmrm. A., to. #d. 3Si W, UH7. 
x J Company C*t*lo*a* no. raQ2S5- 
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■ 1 . Add 30 ml of physical developer and allow it to remain lor 7-10 min 
at room temperature. 

6. Measure the diameters of the lones of inhibition in the conventional 
way. 

Directions for preparation and use of developer: 

Stock tolulion A 

1. Dissolve 80 g of sodium thiosulfate and 20 g of anhydrous sodium 

sulfite in 300 ml of distilled water. 

2. Dissolve 8 g of silver nitrate in 200 ml of distilled water. 



Fio. 4, — Typical penicillin umv plate prorawd by Impfccnaiion with tflrcr ar>d 
phyileal development after 3 hr ol aecondary Incubatkm ana diffmioa of penidnin. 
Zow« for aolatlorw coatainlnc 1, 0A 2, 4 and 8 unlta/ml, reapeetfrely, are arranged 
In clockwise order bepnnlo* at the top. 

3. Slowly pour solution 2 into solution 1 while stirring. The order of- 
mixing and the stirring are important 

Stock solution B 

1. Dissolve 20 g of sodium sulfite in 300 ml of distilled water, and 
when solution is completed odd 3.S g of 2,4-diamlnophenol hy- 
drochloride (Eastman Kodak Co. no. P 614) and stir until dis- 
solved. 

Just before use, mix equal parts of solutions A and B and dilate their 
combined volume with 3 volumes of distilled water. We have found this 
dilution best for our uso, but tho optimal concentration to be employed 
for varying conditions of light intensity, temperature of development, 
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Medium IX (broth medium for B. NTLRL B-568S) 


lifeo) . . 


Peptooo (Difoo). 

Yeast Extract (Dlfeoj . 
Bed Extract (Dif * 
Glueoee 

k,hpo 4 . 

ku,po«. 

DittfUod water, qj. 


6-0 ic 
3-0 n 
E6g 

8.0 g 
2 - 6 * 
2-6 * 
1000.0 ml 


Medium X (flooding and imvnlaflng a par for L. dsrirantcum 
NRItLB-ClO) 

N Z Cnao .... 110 g 

Yeast Extract (Difeo) . 6.0 c 

Beef Extract (Difeo) 3.0 g 

Yelkrw vegetable dye (optional). 0.5 g 

Agar 16.0 g 

Destined water, q.*. . 1000.0 ml 


Medium XI (broth medium for L. dtxOnnicun NRRL B-040) 
Same as medium X except for elimination of the dye 
and the agar 


Three-Hour Cylinder-Plate Assay* 

PROCEDVUK 

a) Preparation and incubation of plates. 

1. Prepare and seed platen with Staph, aureus as for the standard cup- 
plate method of assay (p. 5). 

2. Incubate seoded plates for 3 hr at 38 C. This in the pre-incubation 
period without penicillin. 

3. Store plates in a refrigerator for a few hours or dayB until needed. 
Pro-incubated plates have been used with entirely satisfactory results 
after 5 days in a refrigerator. 

4. Place standard penicylinders and fill with solutions to be tested after 
the pre-in cubated plates have come to room temperature. 

5. Re-in cru bate plates for 3 hr at 38 C (postincubation). Satisfactory 
images may be developed on plates with 2.6 hr of postmeubation under 
favorable conditions, but for routine assays, plates with 3 hr of poet- 
incubation are preferred because the boundaries between xones of inhibi- 
tion and noninhibition are sharper. 

b) Pkysical development. — After removal from the incubator, treat the 
plates as follows: 

1. Flood with about 30 ml of a 0.1 per cent aqueous solution of silver 
nitrate without removing oyirnders- 

2. Expose for 2.6-3 min to fflomination from two 40 w daylight fluores- 
cent lamps mounted In a reflector* at a distance of about 85 cm. This is 
equivalent to approximately 350 ft-c. Additional short exposures to 
ordinary laboratory ill umina turns are not detrimental. 

3. Remove excess trilver nitrate solution with a suction device. 
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4. Add 30 ml of physical developer mad allow it to remain for 7-10 min 
at room temperature. 

6. Measure the diameters of tho zones of inhibition in the conventional 
way. 

Directions ferr preparation and use of developer: 

Slock tolvlion A 

1 . Dissolve 80 p of sodium thiosulfate and 20 g of anhydrous sodium 

sulfite in 300 ml of distilled water. 

2. Dissolve 8 g of silver nitrate in 200 ml of distilled water. 



3. Slowly pour solution 2 into solution 1 while stirring. The order oh 
toiling and the stirring axe important. 

Siocfc solution B 

1. Dissolve 20 g of sodium sulfito in 300 ml of distilled water, and 
when solution Is completed add 3.8 g of 2,4-dlaminophenol hy- 
drochloride (Eastman Kodak Co. no. P 614) and stir until dis- 
solved. 

Just before use, mix equal parts of solutions A and B and dilute their 
combined volume with 3 volumes of distilled water. IV e have found this 
dilution best for our use, but the optimal concentration to be employed 
for varying conditions of light intensity, temperature of development, 
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etc., should bo determined empirically in each laboratory. Stock solu- 
tions A and B should bo stored in a refrigerator. 

NOTE 

Tho physical development mothod has been applied to plates seeded 
with various teat organisms (notably B. subtQis, B. coli, etc-), pre- 
incubatod and submitted to secondary incubation to allow diffusion of 
Penicillin or of various other antibiotics (notably streptomycin); the 
respective optimal durations of pro- and secondary incubations vary with 
the test organism and the ontibiotio. 


Turbidimetric Assay 7 

Culture and inoculum . — Carry stock cultures of Staph. aurciu (strain 
H) on plain nutrient agar slants. Incubate duplicate tubes of the or- 
ganism at 37 C for 24 hr, then hold in the refrigerator. Use one culture for 
preparing inocula from day to day. Prepare two more slants at the end of 
the week, and at weekly intervals thereafter, from the unused culture. 
Check tho now cultures by a Gram stain to see whether they are pure, 
discard tho old cultures and use the new cultures as before. 

Make the inoculum for the test by transferring a bit of the surface 
growth from the slant to one or more flasks containing 100 ml of plain 
nutrient broth (8 g of Difco Bacto Dehydrated Powder/1 of water). 
Incubate the inoculated modium until tho next day and use in tho test. 
Incubation time is usually 14-18 hr. 

Basal medium . — Composition per liter: Difco Bacto Nutrient Broth 
10 g, yeast extract 4 g. Plaoe varying amounts of the basal medium (de- 
pending on the number of tubes being used per test) in flasks, stopper 
with cotton plugs and autoclave at 16 lb for 16-20 min Cool the flasks 
and put away for use as needed. 

Buffer . — Make a’ stock buffer containing 10 g of KHjPO* per liter and 
adjust to pH 6.8 with KOH or NaOH. Dilute this 1:10, autoclave and 
use to dilute standards and samples. 

Standard solution . — Dilute a weighed portion of crystalline sodium 
penicillin G (potency 1007 units /mg) in volume trio flasks bo that a 
solution containing 6 nnita/mg is obtained. 

Sample*.— If the samples are heavily contaminated, filter through a 
Belt* filter; otherwise merely dilute to proper concentration with sterile 
buffer. Ordinarily, the approximate potency of the material to be tested 
la known, and a final solution for the test may be prepared that will have 
a potency of 2-6 unite /ml. 

Equipment. — Set the test up In stainless steel racks holding forty 
»/, x 4 Kimble glass tubes covered with an inverted stainless steel tray 
i /t in. deep to prevent dust contamination. Pipet standards and samples 

T \f f v*.hrn J. B_t ImrroT^d tlwrt tin* tartidi metric fcr P® n * B * tUn ' J. BW. 

Cbrm. 163:240, April, UHri. 
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with a special pipet prepared from a standard 0.2 ml Pyrex pipet.* If 
micropipets are used the small volume employed (0-0.16 ml) mates an 
insignificant difference in tho final votumo of medium in the tube (7 ml) 
and hence no buffer need be added to bring all the samples to a definite 
volume. If It is desired, a fixed samplo volume is selected at say 1 or 2 
ml so that 1 or 2 ml pipeta may bo used. If this is done, all samples added 
must be made up to the selected volume by addition of buffer solution 
and appropriate increase made in the concentration of the basal medium. 

PROCEDURE 

Place the teat tubes in racks and (rover with the inverted trays and, 
with the pipets, dry-sterillie at 170 C for l 1 /* hr, cool and keep in ro- 
servo for use as needed. Establish the standard curve by pipetting tho 
following amounts of standard solution (containing 6.0 units /ml) into a 
scries of 12 test tubes: 0.12, 0.10, 0.08, 0-06, 0.04, 0.02, 0, 0, 0.08, 0.06, 
0.04, 0.02 ml. Tlieee points correspond to values of 0.6, 0.5, 0.4, 0.8, 0.2, 
0.1 and 0 unit. 

Pipet In another series of tubes, volumes of tho penicillin solutions to 
be tested: 0.10, 0.14, 0.12, 0.10, 0.0S, 0.00, 0.«, 0.02, 0.08, 0.00, 0.04, 
0.02 ml. As previously stated, the primary dilutions of the unknown 
solutions are mode up so that their concentration falls in tho range of 
2-6 units/ml. Inoculate a flask containing sufficient basal medium to fill 
all the tubes in the test with the 14-18 hr inoculum. Use 66 ml of inocu- 
lum per liter of basal solution. Use a Brewer automatic pipetting ma- 
chine to add the inoculated basal medium to the tubes. Keep it filled 
with 80 per cent alcohol when not in use and rinse out by pumping sterile 
water through it just before use. Put tho suction and delivery tube* Into 
the flask and recirculate the inoculated medium until all bubbles are out 
of the delivery system and tho medium is well mixed. Put one 7 ml por- 
tion of medium in each tube in the test, cover the tubes with the in- 
verted trays and place the racks in a mechanically stirred water bath 
incubator at 37 C (>*«0.1 o ). Leave the racks in the bath for 8 l /< hr. 
Incubation times of 3Vr-4 hr may be used. Remove the racks at the end of 
the incubation time and steam 10 min In an Arnold steriliser or In an 
autoclave with the steam escape valve open. The effect of steaming is 
twofold: (1) it kills the cells and thus prevents additional gro w t h during 
the reading of the test, and (2) the organisms are no longer dangerous to 
handle in the reading process. Remove the racks from the ste riliser and 
put in a water bath to cool. Disperse the cells evenly by placing the 
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thumb ovor tho top of the tube and invorting the tube twice just before 
pouring it into tho turbidimeter coll. 

Make turbidimeter readings with a Lumet ron model 402E equipped 
with a constant voltage transformer and a apodal automatic emptying 
coil. Use a broad band filter with a transmission peak at 6300 A and a no. 
7 reduction plato over tho balancing photocell because of the high ab- 
sorption of the medium used. Read the tubes in cither of tho two follow- 
ing ways on tho Lumctron no. 402E colorimeter. (1) Set up the instru- 
ment so that a direct reading is taken from tho galvonomotor scale. A 
constant voltage transformer is absolutely essential whon direct readings 
arc used, because tho balancing photocell will not take care of all line 
fluctuations except when tho galvanometer shows no current flowing in 
tho balanced circuit. (2) The transmission dial is used to obtain tho read- 
ings in tho usual null point method. This method is much slower and 
does not improvo tho over-all precision of the test. Plot the readings ob- 
tained against the number of units in tho tube* and connect tho points 
to form a smooth curve to bo used as a standard. Obtain readings on the 
unknown samples and compare against tho standard curve, using only 
the portion of the curve between 0.1 and 0.6 unit. Determine the number 
of units in the tube. (The unitogn found by this method will agree closely 
with the Oxford plate method unlcse the sample has a high percentage of 
penicillin K Penicillin K is approximately 125 per cqnt as active in the 
turbidimetrio tost as it is on the Oxford plate test.) 


2. BODY FLUIDS 

Accurate determination of peniofllin concentrations in the blood of 
animals or patients treated with various penicillin preparations has been 
a difficult problem. The low concentrations involved have defied chemi- 
cal analyse* so that bacteriologies mothoda remain the only recourse. Of 
the latter methods, two major types must be considered. (1) The 
broth methods, which require a large number of individual tubes in 
multiple series to give an adequate number of replicate analyses for 
accurate determination. The accuracy of these methods, whether “serial 
dilution” or “2 ml” dilution in type, depends also on the sire of the steps 
in the dilution series. (2) The agar plate methods, in which measurement 
of the rone of Inhibition of growth of an organism around a cup or paper 
disk filled or saturated with the test sample gives a measure of the con- 
centration of penicillin in the sample. These methods require relatively 
less equipmwit, time and personnel than do the broth methods and allow 
replicate determinations on Email sample*. Because the concentration of 
a sample la determined from the measurement of inhibition xone di- 
ameters the values obtained do not depend on any fixed step-wise series 
of dilations as in the broth dilution methods. 



CUT-PLATE ASSAY OF CONCENTRATIONS IN PLASMA 


25 


Cup-Plate Assay of Penicillin Concentrations in Plasma — 
S. Lute a* 

The primary limitation in the use of the cup-plato method for blood 
penicillin determinations has been that 0.3 unit /mi is the minimal con- 
centration of penicillin which would give a readable xono of i nhi bition 
with Staph, aurmw, the organism usually employed. Starkey* has re- 
ported that Sardna lit lea exhibits a sensitivity to penicillin about 10 
times that of Staph, aureua in cup-plate tests. 

By the uso of S. hdm as inoculating organism in place of Staph, aurcua, 
the cup-plate method of assay of penicillin has been adapted to the de- 
termination of penicillin in plasma. This modification permits the deter- 
mination of penicillin concentrations as low as 0.02 to 0.03 unit/ml, 
and, because tbo range of tbe test is wide, concentrations as high as 5-10 
units/ml may be read without dilution. Fivo roplicato values may be 
obtained from little more t han 1.0 ml of plasma since the cups contain 
about 0.2 ml each. 

When penicillin is added to normal plasma and assayed by the cup- 
plate method smaller xones ore obtained than from similar concentrations 
of aqueous or buffer (pH 0.0) solutions of penicillin. This is probably due 
to (a) destruction of penicillin during incubation in tho plasma, whose pH 
rises to about 8.0 or more, and (b) combination of penicillin with plasma 
proteins into a nan diffusible complex. 

To eliminate these factors, the daily penicillin standards run in the 
test are prepared in normal plasma. Becauso the experimental animals 
were dogs, dog plasma was first used for all standard solutions and 
dilution of high potency experimental samples. Later it was found that 
identical results were obtained with normal horeo plasma, which Is 
readily available) in sizable quantities and hence provides a considerable 
advantage in assay of the large number of samples. The assay method os 
now practiced follows. 

PROCEDURE 

Culture for inoculation . — Prepare a 48 hr culture of 5. lutea in Bacto 
Yeest Beef Broth, 1.75 per oent, by continuous shaking at 27 C. This 
culture, properly refrigerated, has been found to be satisfactory for 
inoculating top agar for periods up to 4 weeks. The usual Inoculation is 2 
per cent of culture in a 1:1 dilution of nutrient agar. If growth is in- 
sufficient, particularly with an old culture, this may be satisfactorily in- 
creased to as high as 6 per cent. 

Preparation of platee . — Use 10 ml of nutrient ngwr containing in each 
1000 ml, 1.5 g of boef extract, 3 g of yeast extract. 0 g of peptone, 1 g of 
dextrose an d 15 g of agar as a base medium in standard 100 ml Petri 

Dnpoba^dd.t.. 
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assay op penicillin potency 

dishes. Adjust nutrient agar to pH 7.0 boforo autoclaving. Dilute nutrient 
agar with an equal volume of sterile d 1st Mod wator and inoculate with 2 
per cent by volume of the 48 hr culture of S. lutca and use 4 ml of this 
mixture as top agar. Set four or five 8 mm steel cups on this agar per 
plato and refrigerate the plates until needed. It Is not advisable to hold 
inoculated plates more than 12 hr before use unless now standards are run 
at the aamo timo, since aging of the inoculated plates tends to produce 
more rapid growth of tho organism when incubated, and thus smaller 
than usual inhibition sones aro obtained. 

Standard a. — Prepare standard solutions of crystalline sodium penicillin 
G (or other reference standard) in normal plasma in concentrations of 
8.0, 1.0, 0.3, 0.1, 0.03 unit/mL A daily standard curvo is plotted from the 
avorago diameters of the sones obtained from five cups with each of 
theso concentrations. If log concentration be plotted against average 
tone diameter, a curve only slightly concave to the base line is obtained. 

Technique . — Draw 6 ml of blood aeopti colly Into a tube containing 
0.25 ml of 0.3M sodium oxalate solution. Centrifuge the blood and trans- 
fer tho plasma Immediately to the test plato cups. Enough plasma is 
easily obtained from a sample of this sire to run five or more duplicate 
cups without dilution. If higher than 3 unita/ml concentration is sus- 
pected in the plasma samples, dilute 1 : 6 or 1 : 10 with normal plasma. 

Optimal temperature for growth of S. lutea is 28-30 C, and tho incuba- 
tion time of plates in this temperature is 12-10 hr. Tho organism, how- 
ever, will grow reasonably well at somewhat lower temperatures, and 
satisfactory growth is generally obtained at room temperature (22-25 C) 
in incubation periods of 18-24 hr. Zone diameters are measured prefer- 
ably with a oolony counter or similar measuring device. Read penicillin 
concentration corresponding to the average diameter of the five test 
sample lonea from the daily plotted standard curve. 


Serial Dilution in Body Fluids — B. Subtflls’ 


PROCEDURE 


Place Oh ml amounts of the broth (see Notes) in sterile Waseermarm 
tubes and serially dilute by halves by adding 0.6 ml of the fluid being 
tested to one of the tubes and carrying Oh ml in serial dilution for as 
many tubes as necessary. The first tube in the series contains Oh ml of 
the material under teat only. Prepare a standard solution containing 1 
unit of penicfllm per ml in broth. This 1 unit standard is diluted exactly 
as above in serial dilution by halves. Then lh ml of a 1 : 100 dilution of 
the test organism In broth Is added and all tubes are incubated at 37 C 
overnight. A duplicate dilution series of at least throe tubes is prepare 
for each serum in exactly the same manner except that to each of these 
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tubes i a added 1.6 ml of the 1:100 dilution of the test organism in broth 
containing sufficient sterile penicillin Inactivator to destroy all of tho 
penic illin in the serum. A control tube containing 0.5 ml of 100 unlts/ml 
standard penicillin plus 1.5 ml of the inactivator-containing inoculum 
should ehow growth. 

The concentration of penicillin in the unknown is then determined by 
comparing the end-point of the unknown with that of the standard- In 
the example shown, tho standard caused complete inhibition in the sixth 
tube. Since this represents 1 unit/ml, serum A contains twice this 
amount, or 2 units /ml, whereas serum B, which caused complete in- 
hibition in the third tube, contains 0.126 unit/mL The test as described 
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Scrum C - 0.0 unit (control ihowi bum inhibition as test). 

here can be used to determine potencies as low as 0.03 unit/ml if blood- 
inhibitory substances do not interfere. Since the penicillin is inactivated 
in the duplicate control series of each specimen, lack of growth of the 
organism in one or more tubes reveals the titer of the blood-inhibitory 
substances. If the inhibition titers of the penicillin assay series and the 
control serieB are equal, as in the case of serum C, the serum under test is 
considered to have no penicillin activity. However, if the assay series 
shows one or more tubes of inhibition beyond that of the control serif*, 
the finding is recorded as the penicillin concentration of the serum. 
MOTES 

1. The broth employed is the same as that described for the official 
FDA. Slaph, aureus plate assay of penicillin (p. 4). 

2. BacUku subtUis SD (PCI 220) is maintained in the same broth.- 
Eighteen hr cultures in 10 ml of broth are held in the refrigerator for 
daily use and may be utilised for at least 2 months. 
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Serial Dilution in Body Fluids— B. Subtflls Reductase 
Method 10 


PROCEDURE 

Place 1 1 sterile Wasscrmann tubes in a rack. The first eight tubes are 
for the test propor; tubes 9, 10 and 11 are for penicillinase (clarase) con- 
trol. To each tubo, except 1 and 0, add 0.5 ml of tho following medium: 
milk powder, 170.0 g; Trypticaso (BBL), 22.0 g; agar, 1.1 g; 1 tablet of 
National Anilino Certified, mothylcno bluo thiocyanate made up to 2J2 
liters with distilled water (sterilise in 100 ml amounts at 10 lb for 15 
min). 

A scries of tubes like the foregoing must be prepared for each specimen 
to bo tested. A set of tubes is used for the standard, which is prepared by 
diluting a standard ponicillin to contain 1.0 unit/mL To the first tube 
add 0.5 ml of tho diluted standard (0.6 unit). To the second tubo add 0.5 
ml of tho standard. Mix tho penicillin and medium and transfer 0.5 ml to 
tube 3 and so cm, discarding 0.6 ml from tube 8. In another series of tube* 
add 0.5 ml of tho specimen of blood serum or urine to each of tubes 1 and 
9 and 0.5 ml to each of tubes 2 and 10. After mixing, transfer 0J> ml from 
tubo 2 to tubo 3, etc., discarding 0.5 ml from tube 8. Then transfer 0.5 ml 
from tubo 10 to tube 11 and discard 0.5 ml from tubo 11. To each tube, 1 
through 8, in tho standard and test series add 1.5 ml of tho culture 
medium which has been inoculated with 5.0 ml/100 ml of a culture of 
B. svbtilis. To tubes 9 through 11 add 1.5 ml of medium plus culture plus 
penicillinase (0.25 ml of a 4 per cent clarase to 100 ml of medium). Tubes 
may be incubated at 37 C for 12-10 hr or at 20 C for 24 hr. Where 
growth of B. submit fins occurred the milk medium in the lower two 
thirds or more of the tube will be reduced, Le., white. There may be a 
blue color owing to atmospherio oxidation; this is of no significance. The 
end-point of the test is the last tube, whioh is still blue throughout. The 
end-point of the standard, indicating the concentration required to in- 
hibit the test organism, is the last complete blue tube. (The concentra- 
tion of penicillin in the unknown specimen is determined by comparison 
with the standard.) For example, if tube 0 of the standard is the end- 
point, it indicates that 0.016 unit of penicillin inhibits the test organism. 
If the end-point of the unknown were likewise tube 6, the unknown 
would have 1.0 unlt/ml; if the end-point were tube 5, the concentration 
would be 0.5 unit/ml, and so on. 


NOTES 

1. Serum containing blood cells or hemolysed spe cimens are un- 
satisfactory for use with this test because of the reducing power of 
hemoglobin. 

2. Bacillus submit PCI 220. 


' a Redden D_ md Brew«r, J. H.: BeducU* method for dtermioMtlcm ot ptnlJUbi 
oonorntrrtloTM fn body fluid* J. B*ot. S3: SSL 
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Serial Dilution In Body Fluids — Hemolytic Streptococci 11 

PROCEDURE 

Place 8-10 sterile Wnssermonn tubes in a root and add 0.2 ml of veal 
infusion broth to nil except tho first tube. Prepare a similar series of tubes 
for each unknown to l>e tested. Prepare ft standard control for each test 
by making n solution of penicillin in 0.85 por cent sodium chlorido in a 
final concentration of 5 units/ml. Store the penicillin at 4 C when not in 
upc. Add 0.2 ml of tho standard to each of tho first two tubes of one 
series, mix tho contents of tubo 2 and transfer 0.2 ml to tubo 3, etc.; 
discard 0.2 ml from the last tubo of the series. Prepare tho unknown as 
above, adding 0.2 ml to tho first two tubes of a scries, and dilute serially. 
From a 12 hr broth culture of /08 beta hemolytic Btroptooocoua pro pare 
tbo inoculum In veal heart infusion broth containing 1 per cent human 
group O erythrocytes so that each milliliter contains 1000-10,000 organ- 
isms. Add 0.5 ml of tho inoculum to cooli tubo and incubata at 37 C for 
18-24 hr. Determine the ond-point by examining tho disk of red colls at 
the bottom of the tubo. The highest dilution which shows a disk with 
sharp edges and no cluuigc in color of tho erythrocytes is the smallest 
amount of tho standard or unknown which inhibits growth. This may bo 
cheeked by streaking the culture in this tube on a blood agar pinto. By 
knowing the amount of penicillin required to inhibit growth in tho 
standard, ono may determine tho amount of penicillin in tho unknown. 
X0TE8 

1. In general, any strain of group A bota hemolytic streptococcus is 
satisfactory. 

2. For accuracy, pipets should bo changed in making so rial dilutions, 
but for routino uso this is not necessary. Smaller dilution increments may 
be used, thus increasing tho sensitivity Of tho tost. 

3. For fluids or exudates known to be contaminated, sterilise by 
passage through a Bcrkcfcld or Belts filter. 


Serial Dilution in Body Fluids — Hemolytic Streptococci 
(Phenol Red Broth ) 15 


PROCEDURE 


Indicator . — Phenol rod gives its maximal color change between pH 7 
and pH 8. At pH 0.8 it is bright yellow and at pH 7.0 cherry red. A very 
slight add production, therefore, changes tho color from rod to yellow. 
The use of phonol rod also pormita tho pH of the original medium to bo 
between 7 and 8, which is tho range suitable for growth of the test or- 


'' HunmtlUinp. C. H : Method for determines eonceatmtloo of penicillin hi body 
fluid! and »rod*te*, Pruc. Soe. Erper. BicL A Med. fil: Stfi, October, ltSu 
29, 1047^°*' A " 11x1 SmlttL - c - ; Eatlmatloa of peoiefllLi In icrom, L*no*t l: 401 , Mar. 
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Serial Dilution in Body Fluids— B. SubtilJs Reductase 
Method 10 


PROCEDURE 

Place 11 Btcrilo Wossomuwn tubes in a rack. The first eight tuba are 
for tho test proper; tubes 9, 10 and 11 are for penicillinase (clarase) con- 
trol. To cadi tube, except 1 and 9, add 0.5 ml of tho following medium: 
milk powder, 170.0 g; Trypticnao (BBL), 22.0 g; agar, 1.1 g; 1 tablet of 
National Anilino Certified, motliylcno bluo thlooyanato made up to 2.2 
liters with distilled water (sterilise in 100 ml amounts at 10 lb for 15 
nun). 

A aeries of tubes liko tho foregoing must be prepared for each specimen 
to bo tested. A set of tubes is used for tho standard, which is prepared by 
diluting a standard penicillin to contain 1.0 unit/ml. To tho find tube 
add 0.5 ml of tlio diluted standard (0.6 unit). To tho second tube add 0.5 
ml of tho standard. Mix tho penicillin and medium and transfer 0,5 ml to 
tube 3 and so on, discarding 0.5 ml from tubo 8. In another aeries of tuba 
add 0.5 ml of the specimen of blood serum or urine to each of tubes 1 and 
9 and 0.5 ml to each of tubes 2 and 10. After mixing, transfer 0.5 ml from 
tube 2 to tubo 3, etc., discarding 0.6 ml from tube 8. Then transfer 0.5 ml 
from tubo 10 to tubo 11 and discard 0.5 ml from tubo 11. To each tubo, 1 
through 8, in tho standard and test series odd 1.5 ml of the culture 
medium which has boon inoculntod with 6.0 ml/100 ml of a culture of 
B. subtilis. To tubes 9 through 11 add 1.6 ml of medium plus culture plus 
penicillinase (0.25 ml of a 4 per cent clarase to 100 ml of medium). Tuba 
may be incubated at 37 C for 12-10 hr or at 20 C for 24 hr. Where 
growth of B. subUlit has occurred tho milk medium in the lower two 
thirds or more of the tube will bo reduced, i.e., white. There may be a 
blue color owing to atmospheric oxidation; this is of no si gnifi c an ce. The 
end-point of tho test is the lost tube, which is still blue throughout. The 
end-point of the standard, indicating tho concentration required to in- 
hibit the test organism, is the last complete bhie tube. (The concentra- 
tion of penicillin in the unknown specimen is determined by comparison 
with the standard.) For example, if tube 0 of the standard is the end- 
point, it indicates that 0.015 unit of p enicillin inhibits tho test organism. 
If the end-point of the unknown were likewise tube 0, the unknown 
would have 1.0 unit/ml ; if the end-point were tube 6, the concentration 
would be 0.5 unit/ml, and so on. 


NOTES 

1. Serum containing blood oells or hemolyxed specimens are un- 
satisfactory far use with this test because of the reducing power of 
hemoglobin. 

2. Bacillus submit PCI 220. 


» Reid. H D.uid Brawrr, J. H.I RedneW method /or determine of p«dcflHn 
oof^trattor* lo body Quick, J. Beet. S3: 301, l&ift. 
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Serial Dilution in Body Fluids — Hemolytic Streptococci 11 

PROCEDURE 

Place 8-10 atonic Wosecnnann tubes in a rack and add 0.2 ml of veal 
infusion broth to all except the first tube. Prepare a similar series of tubes 
for each unknown to lw tested. Prepare a standard control for each test 
by making a solution of penicillin in 0.86 per cent sodium chloride in a 
fin al concentration of 6 units/ml. Store the penicillin at 4 C when not in 
uso. Add 0.2 ml of the standard to each of tho first two tube* of one 
series, mix the contents of tubo 2 and transfer 0.2 ml to tube 3, etc.; 
discard 0.2 ml from tho last tubo of tho series. Prepare tho unknown as 
above, adding 0.2 ml to the first two tubes of a series, and dilute serially. 
From a 12 hr broth culture of /98 beta hemolytic streptococcus prepare 
the inoculum in veal heart infusion broth containing 1 per cent human 
group O erythrocytes so that each milliliter contains 1000-10,000 organ- 
isms. Add 0.5 ml of tho inoculum to each tube and incubate at 37 C for 
18-24 hr. Determine the end-point by examining the disk of red cells at 
the bottom of the tubo. The highest dilution whioh shows ft disk with 
sharp edges and no change in color of tho erythrooytes is the smallest 
amount of tho standard or unknown which inhibits growth. This may be 
checked by streaking the culture in this tubo on a blood agar plate. By 
knowing the amount of penicillin required to inhibit growth in tho 
standard, one may determine the amount of penicillin in the unknown, 
EOTES 

1. In general, any strain of group A beta hemolytic streptococcus is 
satisfactory. 

2. For accuracy, pi pets should be changed in making serial dilutions, 
but for routine uee this is not necessary. Smaller dilution increments may 
be used, thus increasing the sensitivity df the tcet. 

3. For fluids or exudates known to be contaminated, sterilize by 
passage through a Berkefeld ot Beiti filter. 


Serial Dilution, in Body Fluids — Hemolytic Streptococci 
(Phenol Red Broth ) 15 


procedure 


Indicator. Phenol red gives its mari maJ color change between pH 7 
pH 6.8 it is bright yellow and at pH 7.0 cherry red. A very 
wight add production, therefore, changes the oolor from red to yellow. 
, 111,6 phenol red also permits the pH of the original medium to be 

ween 7 and 8, which is the range suitable for growth of the test or- 


flnlH ( i H : a f<r determining oonc*ntr»tkie of wmidEiii in body 

i« a Bkd - * Mad - «: October, mi. 

SO, imT™ 1 A "’ C.: E*tbrntkm of p*nkiQm hi mrdd, L*ne*t 1: 401, Mfcr. 
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ASSAY OF PENICILLIN POTENCY 

ganiama. Add sufficient phenol red to give a distinct red color to the 
medium when observed in a fine capillary tubo. 

Tesl organism . — A hemolytic streptococcus is used. Uso an inoculum 
of 5 mm* of a 24 hr broth culture to 1 ml of the medium. There is con- 
siderable latitude in this direction. 

Medium . — Human serum is preferable, but horso, sheep or ox serum 
can be used. Tho modiinu can l>o ninde up in bulk, steamed and dis- 
tributed in small volumes, or small quantities of 6-10 ml can be made at 


8erum 2X0 ml 

10% glucose solution 2.00 ml 

Distilled water 0.00 ml 

Pheaol red, aaturated aolutloo 0.23 ml 


a moment's notice and boded for 1 or 2 min over a Bunsen flame. This is 
on advantage in a hospital laboratory, whore small quantities of human 
serum are always available. For making small quantities it is convenient 
to keep 10 per cent glucose solution in scaled 1 ml ampules which have 
been autoclaved. 

Technique. — Inoculate a suitable amount of the medium with the test 
organism. Make serial dilutions of the serum to bo tested (25 mm* vol- 
umes) In the inoculated medium on tho surface of a paraffined slide. Each 
of theeo drops la touched with the end of a capillary tube, and tho fluid 
runs Into the tubo, which is sealed (scaling is not essential). Run the fluid 
toward the center of the capillary tubo by tilting. Place horizontally on a 
plasticine-covered elide, where it remains in position, and incubate. By 
this method the strongest concentration of the test serum is 1:2. If it is 
desired to uae almost undiluted serum, 25 mm* of undiluted serum can bo 
mixed with 5 mm 1 of 50 per cent serum water containing 6 per cent 
gluoose and sufficient phenol rod and inoculated with five times aa many 
streptococci. 

After incubation tho tubes in 'which the streptococci have grown are 
bright yellow and show a heavy precipitate. There is often an inter- 
mediate tubo in which there is tho color change, but sufficient add has 
not been produced to precipitate the serum. The tubes in which growth 
has been prevented by penicillin are red or red-violet. The aid-point Is 
sharp, and the results are easily read. 


Serial Dilution in Body Fluids — Hemolytic Streptococci 
(Capillary Tubes ) 11 


PROCEDURE 

Unknown . — Set up eight small test tabes (Wnasermann) in a suitable 
rack. To each, except the first, add 0.2 ml of physiologic saline solution. 
To tubee 1 and 2 add 0.2 ml of the unknown whole (citrated) blood. 


w Wolnlmn, ZI. B_ asd Cuttfnr, W. a: Simple t-cbnlaa* of 
to bl^dwd tody fluVvTT.h. A CUm M«L9oTtel. r*to-ry. 1M*. 
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From tube 2 transfer 0.2 ml to tube 3, then from tube 3 transfer 0.2 ml to 
tube 4, and so cm, to mate serial dilutions. Discard 0.2 ml from the final 
tube. 

To each of the eight tube* add 0.2 ml of a suspension of hemolytic 
streptococci in broth prepared as foil emu: Transfer streptococci from a 
24 hr culture in broth, by loop, to fresh broth. Use one loop of strepto- 
cocci for each milliliter of broth and prepare enough for all the unknown 
and control blood samples to be assayed. 

Shake each tube, hold almost horizontally, and from it, by capillarity, 
nearly fill a glass capillary tube about 0 cm long. Whilo still holding the 
capillary tube horizontally, embed the end in a layer of modeling clay 
fining a groove in a small board. When all the capillary tubes are in 
place In a row, turn the board so that the tubes are upright Incubate for 
24 hr at 37 C, then inspect the tubes for presence of hemolysis and 
colonies of streptococci. 

Control — Set up a series of tubes, os for the unknown blood, but ujo 
defibrinated horse blood containing 1 unit of penicillin per ml instead 
of the unknown blood sample. 

Kiiimation . — The most dilute control capillary tube without hemolysis 
and bacterial colonies indicates the dilation of 1 unit of penicillin which 
will inhibit the inoculum of strep tooocci. The preceding tube in dies tee 
tike dilution of 0.6 unit which will inhibit the streptococci, and so forth. 
By comparison of the end-point in the oontrol series with that in the un- 
known •cries, the concentration of penicillin in the latter is estimated. 
Thus, if the end-point in the control series is in tube 0, as It usually la, the 
unknown contains 1 unit if it also gives the end-point in tube 6; 0.6 if in 
tube 6, and so forth. 

NOTES 

1. Sterilized glassware is used, but the tubes and pi pots are not 
flamed, except Initially. To simplify preparation, the test tubes (Wasser- 
mann) are placed, without plugging, in a large wire rack which is then 
wrapped in paper and sterilized. A small tear in one corner allows re- 
moval of individual tubes as needed. Any capillary tubes may be used, 
but the Kimble no. 34600, for melting point determination*, has been 
most satisfactory. 

Although the concentration of red cells differs in each tube, this does 
not affect the aocaracy of the test. In this procedure the centrifuging of 
blood specimens and addition of known amounts of red reTl* are elimi- 
nated. Simplificat ion of the procedure, therefore, depends on these omis- 
sion* and on use of capillary tubes. Rabbit blood occasionally gives re- 
sults in which the end-point is difficult to determine, presumably because 
of delay in red cell sedimentation. Because penicillin is stated to enter 
red blood corpuscles only in minute amounts, a considerable shift in 
hematocrit would affect the concentration of penicillin when determined 
in whole blood, os in this procedure. However, the error seldom is *fg- 
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nificant, especially when considered in tho light of tho large inherent 
error of tho sorial dilutions. 

2. Tho concentration of penicillin In other body fluids may be deter- 
mined similarly. Urino must bo diluted before estimation to bring the 
usually liigh urinary penicillin lovels into the rango of blood levels. It is 
usually diluted with 9 parts of defibrinnted horse blood, but broth may be 
used (tho end-point is then determined only on tho basis of colony 
growth). Tho final values must, of courso, bo corrected for the dilution 
factor. 

3. Ago of the streptococci (up to 6 days), their dilution between 
10~' and 10 — 1 and the exact period over which tho test Is allowed to run 
have practically no effect on tho results. 



ASSAY OF PENICILLIN POTENCY: B. CHEMICAL 
AND PHYSICAL METHODS 


Colorimetric Method — Penicillin Powder 14 

PROCEDURE 

To 5 ml of a glycine buffer pH 2.0 add 25 ml of reagent grade chloro- 
form and 5 ml of an aqueous solution containing 20-120 ng of penicillin, 
immediately upon addition of penicillin to the cold solutions shake the 
system vigorously for 2 min. Allow the phases to separate and run the 
chloroform into a ohllled 25 ml glass-fit opperod graduate containing 3 g of 
anhydrous sodium sulfate. To 15 ml of bentene containing 10 mg of the 
dye, N-{l-naphthyM-oiobcnxcne)-ethy]enediamino, ndd 20 ml of the 
superficially dried chloroform extract and inunetliately thereafter 5 ml 
of a solution of 5 ml of glacial acetic acid in 1 liter of benxene. Aliotf the 
reaction mixture to stand at room temperature in a closed container for 3 
hr (^3 min). Shako vigorously for 10 see with 25 ml of Q.05N sodium 
hydroxide in a 125 ml separatory funnel. When both phases have com- 
pletely separated and are crystal clear, draw off the lower layer, leaving 
0.2-0 -6 ml of the organic solvent in the funnel. (During this phase 
separation, avoid disturbance of the interfacial material.) Repeat the 
extraction with 25 ml of chloroform and after complete phase separation 
draw off the chloroform layer ns before, leaving 0.2-0 .3 ml in tho funned. 
After addition of 1 ml of concentrated hydrochloric add, followed by 16 
ml of a mixture of 1 volume of butanol and 4 volumes of benxeno, shake 
the system for 10 seo to transfer the red condensation product to the 
butane 1-benxeno phase. To 10 ml of the butanol-ben tone extract arid 2 
ml of a mixture of 6 volumes of concentrated hydrochloric add and 06 
volumes of absolute ethanoL (The strong add is required to bring about 
maximal taotomerism.) Measure the color intensity in a photoelectrio 
colorimeter equipped with a no. 540 filter and determine the concentra- 
tion of penicillin from a calibration curve obtained by subjecting a num- 
ber of standard solutions of different concentrations of penicillin to the 
foregoing procedure. 


Colorllt> * trif ' for detmnlMtJoo oi poofdjlm, J. Biol CImmo. 
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Colorimetric Method — Penicillin Broth 14 

PROCEDURE 

Treat samples of broth, sol octet! at random, with filter aid (0.6 g of 
Hyflo Super-Cel to 60 ml of broth) and shako the mixture well. Filter 
tho broth through a Buchner funnel p rerouted with a thin layer of Super- 
Cel. Aliquots of the filtrato (1-0 ml, dopending on potency of the 
broth) aro then analyzed by the foregoing procedure outlined for powder 
after adjusting to volume. This gives tho “total" value. Treat two equal 
aliquots with 0.4N sodium hydroxide to give solutions 0.2N in alkal i. 
Allow theso aliquots to stand at room temperature for 1-2 hr to in- 
activate the penicillin. Adjust to volume and complete the analyses w 
usual. 


NOTES 

X. The buffer is prepared from 600 ml of 0.2 M glycine In 0.2M sodium 
chloride by addition of 0.2M hydrochloric add to pH 2.0. 

2. Crystalline samples of penidllin G sodium salt may bo weighed with 
tho usual precautions, but commercial samples should bo finely divided 
and should bo rapidly weighed in a dry' atmosphere. 

IF. All solutions must be kept cold (0-6 C) throughout tho procedure. 

4, Preparation of the dye is described in the original publication. 


Alkalimetric Method 14 


PROCEDURE 

Transfer 10 ml of an aqueous solution containing 60,000-160,000 
units of penidllin to a 50 ml beaker. Immerse the tips of a glass and 
calomel electrode in the solution and introduce a mechanical stirrer. 
Connect the electrodes to a suitable pH meter and start the stirrer. 
Bring the solution to pH 8.0 by adding drop wise 0.1N NaOH, then add 
exactly 10.0 ml of 0. IN NaOH, which wiU bring the pH to approxlmatdy 
12. Allow the solution to stir at room temperature for 10-12 min, then 
titrate back to pH 8.0 with 0.1N HCL 

Calculation: 

Units sodium penicillin “ (mi of 0.1N NaOH — mi of 0.1N HC1) X W.4QQ 
NOTES 

1. The factor 56,400 is based on a molecular weight of 866 for pure 
sodium penidllin G and an established potency of 1667 unlta/mg. 

2. This method is applicable to relatively low potency material 

except when high buffering action or other caustic sensitive compounds 
are present. , . . , 

8. It i* advantageous to standardise against a sample of penicillin oi 

U C3*rl*« Pfi#*- * Co*np*ny, Iww, BrooUjn. Unpobitewd d»t*. 
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known potency as the reaction ia influenced by too great variations in 
room temperature. 


AlkflHmetric Method Using Hydrogen Peroxide 1 * 

PROCEDURE 

Transfer an aliquot containing 30,000-150,000 units of penicillin to a 
50 mi beaker equipped with a glass and calomel electrode of a suitable 
pH meter and dilute with distilled water to 20 ml. A motor-driven stirrer 
may bo used but ia not essential. Adjust with N/50 sodium hydroxide to 
pH 8.0. Add 3 ml of 3 per cent hydrogen peroxide previously adjusted to 
pH 8.0. The pH of the solution drops quickly. Immediately add 0.02N 
sodium hydroxide drop wise, maintaining the pH of the solution between 
7.9 and 8.3. When the pH drop is less than 0J2 unit in 40 sec, record the 
volume of alkali used after addition of the hydrogen peroxide. This deter- 
mination requires approximately 20 min. 

Calculation : 

ml of 0.02N XaOII X 7.12 - mao/ ■odfuin penicillin in aliquot 

NOTE 

This method is rimilar in applicability to the foregoing alkali metric 
assay with the added advantage of utilising a somewhat smaller sample 
and a more dilute sodium hydroxide solution for titration. 


Titration by Iodometric Method 17 

PROCEDURE 

Dilute a weighed sample (approximately 30 mg) with 1 per cent phos- 
phate buffer pH 0.0 to a concentration of approximately 1.2 mg/ml 
(2000 units/ml). Add 2.0 ml aliquots to each of two 125 mi glass- 
stoppered Erionmeyer or iodine flasks. To one add 2.0 ml of IN NaOH 
and allow to stand at room temperature for 16 min. At the end of this 
time add 2.0 ml of 1.2N HC1 and add 10.0 ml of 0.01N Ii (prepared from 
0.1N I* U.S.P.). (Equal volumes of IN NaOH and 1.2N HC1, when 
mixed, give pH 1.0.) After 16 rain titrate the cxcoee iodine, using 0.01N 
Na*8tO, (prepared from 0.1N NaAOi) standardized accurately against 
potassium iodate. Toward the end of the titration add approximately 5 
ml of CCU. Continue the titration by the addition of 0.01-0.02 ml por- 
tions of the 0.01N NftjSjOj, shaking vigorously after each addition. The 
end-point ia reached when the CCU layer becomes colorless. To the 
■econd flask add 10 ml of the 0.01N Ii and titrate immediately with 

** Ch*ri*» Pflaar 4 Company, Ine.. Brooklyn. Uopohlktaad data. 

Apr* ^ I ^^ drniai * tn ‘ tIot1 ' 8*«mty A Official Method, F#d*ral 



36 ASSAY OF PENICILLIN POTENCY 

0.01N NaiStO, for tho blank determination. Regard the difference in 
titers divided by 2,52 as the milligrams of penicillin e odium salt. 


Titration Using Penicillinase 11 


PROCEDURE 

Prepare an aqueous solution of penicillinase so that each milliliter of 
solution will contain sufficient enzymo to inactivate completely 20,000 
units of penicillin in 10 min or less. Adjust this solution to pH 8.0 
shortly before use, using one set of electrodes (glass and calomel) with a 
suitable pH meter. Similarly, adjust tho penicillin solution containing 
10,000—20,000 units in approximately 10 ml water to pH 8.0, mdng a 
second sot of electrodes. (Tills set should bo used only for the adjusting of 
penicillin solutions and should nover come In contact with the penieHJLn- 
nse solution.) Raise the electrodes just above the surface of the adjusted, 
penicillin solution and rinse them with volumes of water. Place 
the penicillin solution under the first set of electrodes and add 1 ml of the 
pH 8.0 penicillinnso BolutioiL (The pH falls rapidly.) Readjust to main- 
tain a pH of approximately fl.8 by gradual addition from a microburet of 
0.02N NaOH. When the pH becomes constant, complete titration by 
adding 0.02N NaOH until pH 8.0 is obtainod. The total volume of 0.02N 
NaOH used times 11,870 gives the units of penicillin In tho sample. The 
figure 11,870 is ft constant for sodium penicillin G. 

MOTE 

PenidQinaee is an ensyme obtained from oertain bacteria capable of 
inactivating penicillin. The ensyme should be of such potency that not 
more than 100 mg of the dry ensyme is required to inactivate completely 
in 10 min or lose, 20,000 units of penicillin contained in 10 ml of water. 


Flaorometric Method J * 


PROCEDURE 

To 8 ml of an aqueous solution containing 0.0625-0.626 /ig of p eni ci llin 
per ml, add successively 12 ml of reagent chloroform and 2 ml of a 
Sflrenaen glycine buffer at pH 2.0. Shake the mixture vigorously for 30 
sec and allow the phases to separate completely. Draw off the chloroform 
layer into a chilled, glaae-stoppered graduate and dry rapidly with 1-2 g 
of anhydrous sodium sulfate. To 6 ml of benzene containing 10 mg of 2- 
inethaxy-0-chloro-0-(R-amlno--ethyi)-aminoacridino add suocesBively 2 
ml of reagent grade acetone, 10 ml of the chlomfarm-pe ni c fii i n extract 
and 6 ml of a solution containing 10 ml of glacial mcetio acid In 1 liter of 


u Mart*nxh, J. J,, Mid Imtjt, O. B- : PraWIltnr— method ft* deter min atio n o t potency 

rJ y»ntrJTHn- J. Am. Cbffrn. Boo. 07: 1042, 1043. . . , u 

V gnd Jollnek. V. CX: R*pM mtercrmrthod for fhxoron>*trio driarmfumtirm 
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benzene. Allow tbo reaction mixture to stand in a cloeed container at 
room temperature in the absence of light for 1 hr (■*•6 min). 

At the end of this time the extractions are begun; thoy should be com- 
pleted as rapidly as possible with minimal exposure to light. A shaded 
hood is suitablo for this purpose. Shake the reaction mixture vigorously 
for 10 sec in a 125 ml separatory funnel with 10 ml of 0J5N sodium 
hydroxide. After the phases have complete!}' separated, remove the 
lower, organic layer. Shake the alkaline solution vigorously for 5 sec with 
two successive 5 ml portions of chloroform, drawing off the chloroform 
layer after each phase separation. Acidify the alkaline solution with 1 ml 
of glacial acetic acid and extract tho condensation product from the 
reaction mixture with 16 nil of butanol-bcnzeno solution (1 :2 by volume) 
by shaking vigorously for 30 sec. Discard the aqueous layer and shako 
the organic layer for 30 sec with 10 ml of 5 per cent aqueous acetio add. 
Discard tho aqueous layer and add 50 ml of chloroform followed by 15 ml 
of 0.5N sodium hydroxide. Transfer the condensation produot to the 
aqueous phase by shaking for 30 sec. Discard the lower organic layer and 
add 1 ml of concentrated hydrochloric acid to the alkaline solution. 

Place the ncidic solution in tho cuvet and measure tho fluorescence in- 
tensity in a fluorophotoiueter with a no. 6113 Coming glass filter, 2 mm 
thick, placed in the path of the incident beam and a no. 3385 Coming glass 
filter, 2 mm thick, placed between the sample and tho photocell. Before a 
series of measurements is made, the fluorophotometer must bo adjusted 
to a oonstant light intensity. The fluorescence of a standard solution (0.8 
Mg of the aminoacridine In 10 ml of 4N hydrochloric acid) is arbitrarily 
adjusted to 00 per cent of the galvanometer scale. Check the instrument 
setting before and aftor reading unknown solutions. 

It is necessary to subtract from the final readings the values obtained 
in blank determinations. It is preferable to perform blank determinations 
with each series of analyses. By subjecting a series of standard solutions 
containing 0.0025-0.025 pg of penicillin per ml to the foregoing procedure, 
determine the average galvanometer deflection per microgram of penicil- 
lin. From the galvanometer deflection obtained for the unknown solu- 
tion, calculate the amount of penicillin in the unknown. 

NOTES 

1. All solutions must be kept cold (0-5 C) throughout the procedure. 

2. The glycine buffer is prepared from 000 ml of 0.2M glycine in 0.2M 
sodium chloride by the addition of 0.2M hydrochloric add to pH 2.0. 

3. Preparation of the dye is described In the original publication. 
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Polariscopic Method” 


PROCEDURE 

Dissolve 180 mg of sodium penicillin in 10.0 ml of freshly boiled and 
cooled distilled water at 26 C. Determine the spedfio rotation within 10 
min and calculate spedfio rotation and units per radii gram as follows: 

■pedfc rotation - »°'plar rotation X rolumo of wintfan 
Imgth tube In dcro X g sample to solution 

tpedfic ro tat loo of sample 1 __ 

tpodfio rotation of pure wxitom pmtdllla G * 1067 *" u ' rnK 

NOTES 

1. Pure sodium penicillin G has a specific rotation of 298° (*3°) at 
25 C, at n concentration of 180 mg in 10 mL 

2, Applicability of the poiori metric determination la chiefly limited by 
the poasiblo presence of compounds possessing optical activity, as often 
found in yellow amorphous penicillin samples* It gives excellent correla- 
tion with the biochemical values when applied to crystalline penicillin 
samples* 


Penicillin G — N- ethyl Piperidine * 1 


REAGENTS 


The reagents described here are freshly prepared every 3 days and are 
of such quality that when used in this procedure with a known penicillin 
G not lease than 07 per cent of penicillin G is recovered. 

Amyl acetate solution . — Saturate amyl acetate with the N-ethyl piperb 
dine salt of penicillin G by adding 2 mg of the salt far each 1 ml of the 
solvent. Cool this solution to 0-8 C and filter by drawing it through a 
ping of cotton on the tip of a pi pet immediately before use. 

Acetone sohdion . — Saturate reagent grade acetone with the N-ethyl 
piperidine salt of penicillin G, nnhig 8 mg of salt for each 1 ml of acetone. 
Cool this solution to 0-8 C and filter by drawing it through a plug of 
ootton mi the tip of a pi pot immediately before use. 

N-ethyl piperidine solution , — N-ethyl piperidine should be stared in 
brown bottles in & refrigerator. Dilute 1.0 ml of this reagent with 4,0 ml 
of amyl aoetste. Saturate the solution with the N-ethyl piperidine salt of 
penicillin G, using about 3 mg of the salt far each 1.0 ml of eolation. 
Coal this sedation to 0-8 O and filter by drawing it through a plug of 
cotton an the tip of a pi pet immediately before use. 

Phosphoric actrf solution . — Prepare by dissolving 1.0 ml of reagent 
grade phosphoric acid (85 per cent) in 4.0 ml of water. Cool to 0-8 C and 
shake before using. 


a CWImPUmt * Co*np»ay, Ina, Brooklyn. Unpoblirfiad d aU- 
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Sodium sulfate . — Use powdered anhydrous refluent grade sodium 
•ulfate. 


PROCEDURE 


Add 4 ml of distilled water for each 200,000 units or 120 mg of the 
ram plo to be tested. Pi pet a 2.0 ml aliquot into a glass teat tubo of about 
10 ml capacity and cool to 0-6 C. Add 2 ml of the amyl acetate solution 
•nd 0,6 ml of tbe phoephoric add solution, stopper and shake vigorously 
for approximately 16 see. Centrifuge to obtain a clear separation of the 
two layers (approximately 20 see). After centrifuging, remove as much of 
the amyl acetate layer as possible (usually about 1.7— 1-8 ml) with, a 2 ml 
hypodermic syringe equipped with a suitable needle. Place about 0.1 g of 
the sodium sulfate in a micro filter funnel (approximately 10 mm di- 
ameter) having a fritted glass disk of medium porosity and add the 
amyl acetate solution from tho hypodermic syringe, Colloct the filtrate by 
suction in a small teat tube which has been placed in a suction flask. 
Surround the suction flask with cracked ice. Pipet a 1.0 ml aliquot of the 
amyl acetate filtrate into a tared flat bottom glass tube (approximately 
16 X 60 mm) containing 1.0 ml of tbe acetone solution and 0.6 ml of the 
N-cthyt pi peri dine solution. Tbe timo elapsing between addifieation and 
addition of tbe filtrate to the reagents should not be more than 3 min. 
Place tbe glass tube containing this mixture in a large weighing bottle, 
•topper and allow to stand for not less than 2 hr in a refrigerator at O-S C. 
Remove tho liquid from the precipitate by means of a tared micro El ter 
stick and wash with a total of 1 ml of tbe acetone solution, adding it by 
means of a hypodermic syringe equipped with a fine noedle. Place the 
filter stick Inside the glass tube, dry under vacuum at room temperature 
for not lees than 1 hr and weigh. (Save all N-ethyl piperidine penicillin G 
residues for saturating reagents.) Remove a 1.0 ml aliquot of the original 
aqueous penicillin solution and dilute to 26.0 ml (approximately 2000 
units/ml) with 1 per cent phosphate buffer pH 6.0. Using 2.0 ml aliquots 
of this dilution, determine the amount of penldQin in tbe original solu- 
tion in mg/ml by tbe iodometrio assay procedure (p. 35). 


% of penWDln O 


wi. In ms N-gthyi I plp«ridiDt P*okdDiH ppt X lflOJ 
mg of peJeJUfn tn 3.0 ml of orZcnud poj. 


Penicillin G — -Spectrophotometric Method** 

The wide range of potency encountered in commercial penicillin prod- 
uct* neceKdtates tbe use of different procedures, depending on the nature 
of tbe sample being assayed. In high purity crystalline p enicillin products 
(95 per cent or greater), tbe G content Is determinable directly on a 
dilution of the solution aaeayed polarimetrically. 


Pft»*r A Company, Lna., Brooklyn. UnpobJiahad 
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PROCEDURE A 

On tho basis of tlio polarimotric assay, diluto tho solution to a concen- 
tration equivalent to 1.8 rap of pure sodium penicillin per ml. Transfer an 
aliquot to a 1 cm quart* cell, determino tho optical density at 2G3 p and 
subtract from it tho vnluo obtainod at 280 p. Where tho latter value in 
less than 0.10, the difference olrtaincd is directly indicative of the G con- 
tent, Pure sodium ponicillin G gives a 203-280 p difference of 0.79, 
whereas tho "non-G” nonaronmtic penicillins (species F and K) give a 
value of 0.12. Tho assay of mixtures of pure G, pure F species and pure K 
species shows tho optical density difference to be arithmetical, and the G 
content of tho mixture is determined from a chart where percentage “G” 
is plotted against the 203 optical density minus 280 optical density value. 

NOTE 

Penicillin X interferes, even whon present in small amounts, because it 
has a very high absorption at 280 p. 

PROCEDURE B 

When the potency is found to fall in the 1300-1000 unit/mg range for 
either amorphous or crystalline penicillin, recourse is had to a preliminary 
purification procedure. 

Add 1.8 g of ammonium sulfate A.R. and 1 drop of 3 per cent am- 
monium hydroxide to each 5 ml of solution used In the polariscopic 
assay. Cool slowly to — 6 C whilo stirring and hold at this temperature 
1 hr. Filter the crystalline slurry through a precooled semimicro Buchner 
funnel and wash the filter cake with 1-3 ml of ico-cold 40 per cent am- 
monium sulfate solution. 

Dissolvo the precipitate in 5 ml of water and determine the penicillin 
concentration polarimetrically. Dilute to a concentration equal to 1.8 mg 
of sodium peni cillin G per ml and assay for G spcctrophotometrically, as 
described in procedure A. 

NOTES 

1. Considerably more latitude is permissible in tho 280 p optical 
density values in the ammonium salt solution because interfering ootn- 
perundfl are eliminated in the purification step. 

2. In relatively hi gh potency penicillin G samples the recrystalliiatinn 
procedure results in isolation of a product containing practically the aame 
proportions of the various species as are present in the original sample^ 

PROCEDURE C 

In applying the ammonium salt purification procedure to 800-1300 
unit/mg potency samples, a larger sample is beet employed and con- 
siderable care taken to insure a high recovery of product. 

Utilising the same general procedure as outlined in B, isolate the am- 
monium salt by the addition of sufficient ammonium sulfate to give a 
34 per oent solution. 
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NOTE 

Isolation of a sufficiently pure ammonium salt for spectrophotometrio 
assay from material in the 800-1300 unit/mg potency range requires con- 
mderablo variation in technique to adapt the methods to the Sample- 


Penicillin X * 1 


PROCEDURE 

Dissolve the contents of a 100,000 unit ampule of penicillin in about 20 
ml of icc-cold distilled water. Transfer quantitatively to a 100 ml volu- 
metric flask, rinsing the ampule with small portions of i co-cold water and 
make to 100 mL Pipet a 60.0 ml aliquot into a 126 ml separatory funnel, 
then add 60.0 ml of oold chloroform and shake the mixture. Add an 
amount of approximately IN H 1 SO 4 to bring the pH of the aqueous layer 
to 2.0. (The amount of IN H 1 SO 4 to bo added is calculated by titrating a 
separate 6.0 ml aliquot of 100 nil dilution to pH 2.0 using a suitable pH 
meter.) Shake the mixture vigorously for 1 min. Allow the layers to 
separato and filter tho chloroform through a small pledget of cotton, 
moistened with chloroform, into a second 126 ml separatory funnel. 
Shake the acid aqueous solution with a second 60.0 ml of cold chloroform 
and, when the layers have separated, withdraw the chloroform through 
the same filter into the second separatory funnel Immediately neutralise 
the acid aqueous solution, containing the penicillin X, with 0.1N 
NaOH to pH 6.5-7.0, using a pH meter, and make to 100 ml with water. 
Make appropriate dilutions in 1 per cent phosphato buffer pH 6.0 and 
assay by tho oup-plate method (p. 7). Shake the combined chloroform 
extracts containing any penicillin Q, etc., with small successive portions 
of cold NaHCOj solution (0.1 per cent) until the oombined NaHCOj ex- 
tracts give a pH of 7.0 and make to 100 ml with water. Make the proper 
estimated dilutions in 1 per cent phosphate buffer at pH 6.0. Assay these 
last dilutions by tho eup-plate method. The potency of the penicillin X 
fraction plus potency of the p>cnirillin G, etc., fraction should approxi- 
mate that of the original solution. All of the aforementioned extraction* 
should be carried out in a cold room. 


Penicillin 

PROCEDURE 

Dilute a weighed sample of the content* of a vial with 0.3M phewphate 
(Na*HP0 4 and KHjPOO buffer pH 6.0 to give a solution containing 
approximately 1000 unlts/mL In the case of calcium penicillin, where a 
precipitate of calcium phosphate occurs, remove the precipitate by filtra- 

Aye . F»d*nd Security A***ioy, OffleUl Mtthod, F*cUral 
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lion and uao tho door filtrate. Place a 15.0 ini aliquot of tUIs solution in a 
125 ml 8o p oratory funnel, add 30.0 ml of chloroform U.S.P. and shake for 

1 min. (Carry out all operations at room temperature.) Allow the mixture 
to stand with occasional swirling to scttlo tlio droplets of chloroform 
until tho top layer is clear (usually about 10 min). Draw off all but about 

2 ml of the lower chloroform layer through a small pledget of cotton into 
u pdress stoppered flask. Take a 4.0 ml aliquot of tire original solution, a 
4.0 ml aliquot of the buffer solution remaining in the separatory funnel 
and a 10.0 ml aliquot of tho chloroform solution and detennino the mg/ 
ml of penicillin in each by tlw iodometric assay procedure (p. 35) using 
4.0 ml of tho IN NaOH and 4.0 ml of tl»e 1.2N HC1 for each of the above 
nliquota. Moke blank determinations on tho same sixe aliquots. Cal- 
culate tlie percentage of penicillin in tiro buffer layer and in the chloro- 
form layer as compared to tho original solution. Tho sum of these per- 
centages should be 100 per cent (^2 per cent). 

% of ponidllln K - (00.92 + % Id chloroform — % In baffer) X 1.67 

(The factors, in tho formula are based on distribution coefficients of 
penicillin K and G between chloroform and aqueous phosphate buffer at 
pH 0.0.) 



ASSAY OF STREPTOMYCIN POTENCY: A. BIOLOGIC 
METHODS 


1. COMMERCIAL PREPARATIONS 

Cylinder-Plate Assay 54 

PROCEDURE 

a) Cylinders . — Use those described under penicillin plate assay (p. 

4). 

b) Culture medium . — Using ingredients that conform to the standards 
proscribed by the UB.P. or N.F., make nutrient agar for the seed and 
base layers: 

Peptone... . . . 

Beet extract . . 

A*ar 

Distilled water, q s. . ... 

pll 7 .8-8.0 after ■tcrtlliatioD 

c) Working standard . — Keep tho working standard (obtained from the 
Food and Drug Administration) constantly in the refrigerator at 16 C 
(69 F) or below in tightly stoppered vials, which in turn are kept in larger 
stoppered tubes containing anhydrous calcium sulfate. Weigh out care- 
fully, In an atmosphere of 60 per cent relative humidity or less, appro- 
priate amounts of the working standard and dilute in 0.05M potassium 
phosphate buffer pH 0.0. Keep this stock solution at 16 C; do not use It 
later than 30 days after it is made. 

d) Standard curve . — Prepare daily in 0.10M potassium phosphate 
buffer (pH 7.8-8.0) a 20 /jg/ml solution from the stock solution de- 
scribed above. Transfer to ten 100 ml volumetrio flasks, containing the 
same buffer, the required quantities of this 20 /45/ml solution to give 0.0, 
0.7, 0.8, 0.9, 1.0, 1.1, 1.2, 1.3, 1.4 and 1.5 /jg/ml solutions. A total of 27 
plates is used In preparation of the standard curve, three for each solu- 
tion except the 1.0 pg/ml solution. The last concentration is used as the 
reference point and is included on each plate. On each of three plates fill 
three cylinders with the 1.0 Kg/ml standard and the other three cylinders 
with the concentrations under test. Tims there will be eighty-one 1 de- 
terminations and nine determinations for each of the other points on 
the curve. After the plates have incubated read the diameters of the 

Ar£! r*d«r»] 9*enrlty Asewsy, Official Method, F«Jw*l 
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circles of inhibition. Average the readings of tho 1.0 ng/ml concentra- 
tion and those of tho point tested for each set of three plates and average 
alao all 81 readings of the 1.0 pg/ml concentration. Tho average of the 81 
readings of the 1.0 pg/ml concentration is tho correction point for the 
ourvo. Correct tho average value obtained for each point to tho figure it 
would be if the 1.0 MR/ m l reading for that set of three plates were ihe 
same ns tho correction point. Thus if, in correcting the 0.8 unit concen- 
tration, tho average of tho 81 readings of tho 1.0 /ig/ml concentration U 
10.6 mm and tho average of tho 1.0 pg/ml concentration of this set of 
three plates is 10.3 mm, tho correction is 0.2 mm. If the average reading 
of tho 0.8 ^g/ml concentration of these samo threo plates is 15.9 mm, 
tho corrected value is then 10.1 mm. Plot these corrected values, in- 
cluding tho avorago of the 1.0 /*g/ml concentration, on two cycle semilog 
paper, using tho concentration in gg/ml as tho ordinate (logarithmic 
scalo) and tho diameter of tho zone of inhibition as the abscissa. Draw 
tho standard curve through these points. Tho 10 points selected to deter- 
mine tho ourvo are arbitrary and should be so choeen that the limits of 
the curve will fill tho needs of tho laboratory. However, the potency of 
tho sample under test should fall in the interval of from 60 to 160 per 
cent of tho correction point of the standard curve. 

e) Preparation of sample . — Dissolve volumetrically in sterile distilled 
water the sample to bo tested to make a convenient stock solution. 
Further dilute this solution volumetrically to contain 100 hr of strepto- 
mycin baao (estimated) per ml. Transfer 1.0 ml of this 100 >tg/ml 
(estimated) solution to a 100 ml flask and make up to volume with 0.10M 
potassium' phosphate buffer pH 7 .8-8.0. Use this last dilution in the 
assay for potency. 

f) Preparation of spore suspension . — The test organism is Bacillus 

subiilis (ATCC 6633). Maintain the test organism on nutrient agar pre- 
pared as described in (6). Prepare a spore suspension by growing the 
organism in Roux bottles on agar of this same composition for one week 
at 37 C. Suspend the sport* in sterile distilled water and heat for 30 
min at 05 C. Wash the spore suspension three times with sterile distilled 
water, heat again for 80 min at 85 C and resuspend in sterile distilled 
water. Maintain the spore suspension at approximately 16 C. Deter- 
mine by appropriate teats the quantity of spore suspension to be 
added to each 100 ml of agar for the secondary layer that will give sharp 
clear zones of inhibition. ' 

g) Preparation of plates . — Add 21 ml of agar (paragraph (5)) to each 
Petri dish (20 X 100 mm). Melt the agar to be used for the secondary 
layer, cool to 66-60 C and add the spare suspension (paragraph (/))• 
Mix thoroughly and add 4 ml to each of the plates cont a i n ing the 21 ml 
of uninoculated agar. Tflt the plates back and forth to spread the inocu- 
lated agar evenly over the surface. Refrigerate until ready to add strepto- 
mycin (at least 1 hr). 

h) Plate assay . — Place six cylinders on the inoculated agar surface so 
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that they arc at approximately 00° intervals on 2.8 cm radius- Use three 
plates for each sample. Fill three cylinders on each plate with the 1.0 
pg/ml standard and three cylinders with the 1.0 u g/rnl (estimated) 
sample, alternating standard and sample. Incubate the plates for 10-18 
hr at 37 C and measure the diameter of each circle of inhibition. 

t) Estimation of potency , — Average the xone readings of tho standard 
and average the rone readings of the samplo of the threo plates used. If 
the sample gives a larger average rone sire than the average of the 
standard, add the difference between them to tbo 1.0 ug rone sire of the 
standard curve. If the avorage samplo value is lower than the standard 
valuo, subtract the difference between them from the 1.0 *tg value on the 
curve. From the curve read tho potencies corresponding to these cor- 
rected values of rone sires. 


Turbldimetric Method** 


PROCEDURE 

a) Culture and inoculum .— Employ the agar described in paragraph (6, 
2), page 4, adjusted to a final pH 7.0 for maintaining the test organism, 
Klcbtidla pneumoniae (PCI 002) noncapsulated. Transfer stock cultures 
every two weeks for test purposes. Transfer the organism to fresh agar 
slants and incubate at 37 C for 0 hr. Suspend the growth from two to 
throe of these slants in sterilo distillod water and add approximately 5 
ml of culture suspension to each of two Roux bottles containing the same 
agar. Incubate the bottles for 6 hr at 37 C, harvest the growth and sus- 
pend in sufficient sterile distilled water to give a light transmission read- 
ing of 80 per cent, using a filter at 65 00 A in a photoelectric colorimeter. 
Keep the resulting suspension of organisms in tho refrigerator and use for 
a period not to exceed 2 weeks. Prepare a daily inoculum by adding 0.0 
ml of this suspension to each 100 ml of tho nutrient broth (paragraph 
(b), p. 4) coolod to approximately 16 C. 

b) Working standard solutions . — Add amounts of a 1000 ^g/ml solu- 
tion prepared from the stock solution (paragraph (c), p. 6) to nine 100 ml 
volumetric flasks containing sterile distillod wator and bring to volume 
to give the working stock solutions listed in the tabulation. These nine 
flasks are well stoppered and maintained at approximately 15 C for 1 
month. Prepare final dilutions daily by adding 2.1 ml of each of these 
nine working stock solutions to 4.8 ml of sterile distilled water. Add 1.0 
ml of each final dilution to each of six 14 X 124 mm tubes (total 54 tubes). 
Add 9.0 ml of inoculated broth described above to each tube and place 
immediately in a 37 C water bath for 4 hr. ITie final concentration of 
streptomycin per ml of broth is also included in the tabulation. 


Swuritr A*tm cj, OflWiJ M.tbod, FwUr*] 
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Aw. or &TAJT*. Sol. 

(1,000 pa/ttL), M\ 

fl.O 

7.0 

8.0 
9.0 

10.0 

11.0 

12.0 

13.0 

14.0 


Wom»o Cojrc*xTV*i. 
(Ai*o % Cojrcrjrr.), »o 
00 
70 
SO 
90 
100 
110 
120 
130 
140 


Sn**i CorcxjrT. Ort/n) 
irm Awwror or 
Dirr. Wirn in non. »• 
1.8 
2.1 

2.4 
2.7 
8.0 

3.5 

3.0 

8.0 

4.2 


c) Preparation of sample . — Dilute the aamplo under test with sterile 
distilled water to contain 100 /jg/ml (estimated). To 2.1 ml of tbe sample 
add 4.8 ml of sterilo distilled water; add 14) ml of this dilution to each of 
six 14 X 124 mm tubes. Add 0.0 ml of tho Inoculated broth (paragraph 
(a)) to each tubo and place immediately in a 37 C water bath for 4 hr. 
A control tubo containing 1.0 ml of distiliod water and 9.0 ml of the inocu- 
lated broth is similarly incubated. After incubation add 4 drops of for- 
malin to each tube and read tho light transmission in the photoelectric 
colorimeter, using a broad band filter having a wavelength of 6300 A. 

d) Estimation of potency . — Average the light transmission readings for 
each concentration of the standard. Plot these values on cross-section 
paper, employing average light transmission readings as the ordinate and 
streptomycin concentration per ml of broth aa tbe abscissa. Prepare the 
standard curve by connecting successive points with a straightedge. 
Since the final concentration of streptomycin per ml of broth is equiva- 
lent to tbe concentration per mi of the working stock eolation (see tabula- 
tion), the latter concentrations for each concentration level of the stand- 
ard may be exprecaed as percent and substituted on the abscissa of tbe 
standard curve. If this is done the percentage potency of the sample 
under test may be read directly from the standard curve. 


Serial Dilution — K. Pneumoniae 17 


PROCEDURE 

Dilate a 6 hr KlebsieUa pneumoniae, (ATCC 9997) culture gro wn in 
yeast beef broth, to 1 X 10 - * in a broth consisting of 0.76 per oent tryp- 
tone and water, pH 8-5. With a sterile automatic syringe dispense the 
diluted culture in 2 ml amounts in sterile, plugged test tubes, IS X 100 
p-im. The filled tubes are placed in racks having two rows of bolea, 10 
holes per row. Each rack holds two tests. 

Dilute the solution to be tested with sterile HjO to give approximately 
2 jig of streptomycin per ml. With sterile, add-cleaned 0.2 ml Kahn 
pipets, add the following amounts of diluted streptomycin solution to a 
row of tubes containing dilated culture: 0.1, 0.088, 0.077, 0.068, 0.059, 


„ po.jorick, B_; HAmr*. D.; F„ u>dRikfc O.^ Broth dflatJoo rorthod of 

. — .-.I — i-u. - — mt .•r.fotuydn, j. I* 


rt^tornyrin; J. Bwt, CO; 833, IMS. 
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0.052, 0.040, 0.040, 0.035 and 0.030 mL Run one or more itandard 
streptomycin solutions in triplicate with each day’s testa. Incubate the 
tests at 37 C for 15-17 hr. Record tbo degree of growth in each tube after 
incubation. If (— ) indicates no growth, (•*>) as a trace of growth and (*f ) 
is definite or strong growth, the (*) tube is considered the end-point. 
Calculate the activity of the unknown solution through uso of the follow- 
ing equation: 

/lx Vc 
ilc Yx 

where Ac — ^g of strep tomyrin/ml in the standard solution; Ax — 

of strep tomytin/rol in the unknown solution; Vc — volume of stand- 
ard solution required to cause complete inhibition; Vx — volume of un- 
known solution required to cause complete Inhibition. 

NOTES 

1. KlebricUo pneumoniae (ATCC 9997) is maintained in yeast boef 
broth consisting of beef extract 0.15 per cent, yeast extract 0.15 per cent, 
peptone 0.5 per cent, dextrose 0.1 per cent, dipotassium phosphate 
0.368 per cent, potassium dihydrogen phosphate 0.132 per cent, sodium 
chloride 0.35 per cent (final pH 7.0). Incubate 6 hr at 87 C and store at 
about 4 C for use for 1 week or longer. A fresh 0 hr culture should giro 
plate counts of 1 X 10* cells per mL After storage the count drops 
gradually, and new subcultures should be made when the count drops to 
as low as 600 X 10* cells per mL 

2. KlebtieUa pneumoniae (ATCC 9997) is sensitive to 0.0-4 fig of 
streptomycin per ml of the medium described in the procedure. 

3. Various lot* of tryptone interfere to varying degrees with the action 
of streptomycin. When new lots are to be used for the test, the sensitivity 
of the test organism to streptomycin should be tested in the new broth. 
To maintain a response to streptomycin consistent with previous re- 
sults, the concentration of tryptone in the new test broth may be raised 
or lowered slightly (eug., to 1.0 or 0.5 per oent tryptone), depending cm 
whether the organism is more or loss sensitive in the new broth. 

4. The pH of the test medium is exceedingly important. Since the 
test broth is unbuffered, the pH, which baa been adjusted with NaOH, 
will gradually drop on storage. Hence fresh broth is made every second 
day. Addition of phosphate buffers to the broth reduces the sensitivity of 
the test. 
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2. BODY FLUIDS 


Plate Assay — Staph. Aureus” 

PROCEDURE 

Material #. — A atraln of Staphylococcus aureus 8M (PCI 1214) is used 
as tho teat orgnniam. Maintain the culture in a uniform condition by 
daily transfer to F.DA. nutrient broth at 37 C. The assay medium is a 
modifiod F.DA. nutrient agar. 

Preparation of plates . — Using a 0 hr culture of the test organism grown 
in F.DA. broth, make serial tenfold dilutions through 10. -4 in broth. 
Then make final dilution to 10~‘ directly into tho melted nutrient agar 
previously coaled to 45 C. With a calibrated wide-mouth pipet, add 10 ini 
of this melted seeded agar to each of a series of Potri dishes which are set 
aside until tho agar solidifies. Warm leveled glass cylinders slightly by 
iwiaengo through a Bunsen flame and place immediately on the surface of 
tho agar plate, thereby effecting a seal between tho glass cylinder and the 
agar. Four such cylinders arc placed on each agar plate. Tho glass cylin- 
ders are then filled with tho properly diluted samples for assay and the 
plates incubated at 30 C for 10-18 hr. At tho end of this period the diam- 
eters of the lonca of inhibition arc measured in millimoters. 

Assay of blood, urine and tissue extracts . — When determining the con- 
centration of streptomycin in blood, it ia necessary to construct a stand- 
ard curve of rcforcnco for each assay, using an aliquot of standard strep- 
tomycin. This ia dono by making dilutions of streptomycin containing 1, 
2, 4 , 8 and 10 Mg/ml in serum obtained from each individual prior to 
treatment or from any normal donor. The diametors of the resulting 
rones of inhibition are plotted os ordinates (arithmetic scale) against the 
concentrations of streptomycin aa abscissa (logarithmic scale). 

Test serums containing unknown amounts of the drug are diluted with 
any normal human serum to contain approximately 5—15 fig/mL This 
will insure a reading which will fall on the standard curve. Dilutions of 
the test sample as well aa each level of the standard should be run in du- 
plicate. The drug concentration in the serum sample is obtained by deter- 
mining from the standard curve the streptomycin concentration corre- 
sponding to the diameter of the rone of inhibition and correcting for the 
dilution. 


NOTES 

1, Modified F.D.A. nutrient agar 

Peptone (Biocam-Armoor) 10-0 B 

B*cto Beef Extract (Difoo) £ 0 g 

8^t (NaC3) *** 

::::::::: ::::::::::::::: lo&Si. 

Adjcatrd to pH 7N-&X) with N/l N*OH. 

" - Rt-bbW R. B- and BoWnioo. H. J.: Method for dettrmbixiJcrn of *treptomyefa tn 

^ BloL 4 U«L ». 1M. IMS. 
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2. The stainless fited cylinders described for official Staph, aureus plate 
assay for penicillin may be used (paragraph (a), p. 4). 

3. In the assay procedure for urino, feces or tissue extracts, distilled 
water replaces serum as tho diluent. 


Serial Dilution in Body Fluids — B. Circulans” 

PROCEDURE, 

Place 10 sterile Waascnmmn tubes in a rack. Add 0.6 ml of broth con- 
taining 1 per cent peptone, 0.5 per cent beef extract and 0.25 per cent 
NaCl (final pH 73-8.0) to oil except the first tube. Prepare a si mil ar 
aeries for each unknown solution. Prepare a standard solution containing 
10 fig of streptomycin por ml and add 0.5 ml of it to each of the first two 
tubes of one series, mix the contents of tube 2 and transfer 0.6 ml to tube 
3, etc., discarding 0.6 ml from tube 10. To another series add 0.5 ml of an 
unknown solution to each of the first two tubes and proceed as with the 
standard. Prepare an inoculum by making a 1 per cent suspension of a 
broth culture of B. dreulans in the broth described above. Add 1.6 ml of 
inoculum to all tubes. Incubate at 37 C for 18-24 hr and examine for in- 
hibition of growth. Determine tho number of tubes of inhibition given by 
the standard and unknown solutions. If the 10 Mg/ml standard solution 
gives seven tubes of inhibition, then seven tubes of Inhibition in the un- 
known represents 10 Mg of streptomycin per ml in the unknown, six tubes 
of inhibition represents 6 Mg/ml, five tubas 2.5 Mg/ml, etc., and eight 
tubes, 20 Mg/ml in this twofold aerial dilution technique. 

BOTES 

1. The number of tubes set up may be varied with expected concentra- 
tions in the unknown solution and/or the unknown may be dilated. 

2. Bacillus circulans is a nonpathogcnic spore former and is maintained 
in a nutritive medium consisting of peptone 0.5 per cent, yeast extract 
0.16 per cent, beef extract 0.15 per cent, NaCl 036 per cent, glucose 0.1 
per cent, di potassium phosphate 0308 per cent and potassium dihydro- 
gen phosphate 0.132 per cent (final pH 7.0). Incubate at 37 C 24 hr and 
store in the refrigerator for use for a 2 month period. 

3. Bacillus dreulans is sensitive to 0.039 Mg of streptomycin per ml of 
the medium described in the procedure. This strain may be procured from 
the Food and Drug Administration, Washington, D. C. 

4. Proper care in preparation of media is essential. It Is expedient to 
maintain a “reference” broth against which to check the sensitivity of 
the organism in subsequent batches of broth. 

6. Chylous or hemolyxed serum and red blood cells Interfere with the 
interpretation of this test- 

“ d w ' l ° t IL: 1“ «=Ui 
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2. BODY FLUIDS 


Plate Assay— Staph. Aureus” 

PROCEDURE 

Materials. — A strain of Slaphylococcut aureus 8M (PCI 1214) is used 
as tho test organism, Maintain tho culture in a uni form condition by 
daily transfer to F.D.A. nutrient broth at 37 C. The assay medium is a 
modiflod F.D.A, nutrient agar. 

Preparation of plates .— Using a 0 hr culture of tho tost organism grown 
in FJ)A. broth, make serial tenfold dilutions through lOr 4 in broth. 
Then moke final dilution to 10"* directly into tho melted nutrient agar 
previously cooled to 45 C. With a calibrated wide-mouth pipet, add 10 ml 
of this melted seeded agar to each of a series of Petri dishes which are set 
aside until tho agar solidifies. W r arm beveled glass cylindcra slightly by 
passage through a Bunsen flame and place immediately on the surface of 
the agar plate, thereby effecting a seal l»t ween tho glass cylinder and the 
agar. Four such cylinders are placed on cnch agar plate. The glass cylin- 
ders are then filled with tho properly diluted samples for assay and the 
plates incubated at 30 C for 10-18 hr. At tho end of this period the diam- 
eters of tho xoncs of inhibition arc measured in millimeters. 

Away of blood , urine and tist ntt extracts. — WTien determining the con- 
centration of streptomycin in blood, it ia necessary to construct a stand- 
ard curvo of reference for cnch assay, using an aliquot of standard strep- 
tomycin. This is done by making dilutions of streptomycin containing 1, 
2, 4, 8 and 10 pg/ml in so rum obtained from each individual prior to 
treatment or from any normal donor. The diameters of the resulting 
rones of inhibition are plotted as ordinates (arithmetic scale) against the 
concentrations of streptomycin os abseiasa (logarithmic scale). 

Teat serums containing unknown amounts of the drug are diluted with 
any normal human serum to contain approximately 6-16 pg/mL This 
will insure a reading which will fall on the standard curve. Dilutions of 
the test sample as well as each level of the standard should be run in du- 
plicate. The drug concentration in the serum sample is obtained by deter- 
mining from the standard curve the streptomycin concaitration corre- 
sponding to the diameter of the xone of inhibition and correcting for the 
dilution. 


NOTES 


1. Modified F.D.A. nutrient agar 

Peptone (Siwam- Armour) 

Bacto Berf Extract (Dtfoo) — 
8*H (NaCD 


Ae 

IJ&tflled w*ter 

Adfratrd to pH 7 with N/l N*OH. 


10.0 t 

5.0 i 
X5 g 

10.0 K 

1000.0 ml 


„ .JtrfJJn*. R, B.. end RoMn*m, H. J.: M«tbod for deUrrmln*tloo oi •U^ptamydn to 
bo dy ChddJiPrOo. Bo^ Exp«. BtoL A M*d. M: XS5. 10*5- 
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KOTKS 

1. The standard streptomycin may bo sot up in serum or broth; the 
organism will show sensitivity to 0,6 gg/ml (complote inhibition in tube 
5). 

2. Fluids suspected of containing more than 60 pg of streptomycin per 
ml may be diluted with veal infusion broth accordingly In order to deter- 
mine these higher values. 

3. Approximately 160 human sera have been tested for inhibitory ac- 
tivity against the test organism (Slaph. avrtu t SM), of which only one 
showed slight Inhibitory activity. 

4. Single veal infusion broth is used: 

Doable real infusion 20 Uteri 

DbtlUed water 80 Uten 

Paul Lewis peptooo 400 g 

Sodium chloride 200 f 

(1) Warm double veal infusion to room temperature. (2) Filter through 
cotton and gauze — three layers. (3) Wash filter with cold distilled water. 
(4) Filter through double filter paper. (6) Bring up to volume with dis- 
tilled water. (0) Weigh dry ingredients and add to the liquid. (7) Boil for a 
few minutes to dissolve. (8) Add 2N NaOH — 430 ml. (0) Boll again. (10) 
Check pH (should be 8.0). (11) Put 8 liters into a 0 liter bottle, plug 
with cotton and cover with gauze and paper. (12) Sterilize at 15 lb 
pressure for 1 hr. (13) Store in the refrigerator. (14) When ready to use 
bring up to 8 liters. (15) BoD. (10) Adjust the pH to 7.4 with NaOH or 
HCL (17) Filter through two layers of filter paper. (18) Dispense Into 
flasks or tubes. (10) Sterilize in the autoclave. 

Titration in Blood Serum — Klebsiella 11 

procedure 

Ctdlwe medium . — Serum 1 part and distilled water 4 parts are boiled 
or steamed with 1 per cent gluooso and enough of a saturated watery 
solution of phenol red to give a definite red color. For use, 1 ml of this 
medium is inoculated with 10 ml of a 24 hr broth culture of the test or- 
ganism. 

Ttii organism . — FriedllndeFs badllus (Klebsiella 41) is very suitable, 
but if it is employed the patient’s serum must be Inactivated by heat be- 
fore the test. (Staphylococci may be used.*) 

Make serial dilutions of the serum to be tested In normal saline solu- 
tion, and to each dilution add an oqual volume of the infected medium. 
Use 0,026 ml volumes and carry out the incubation in capillary tubes 
open at both ends and stuck flat on plasticine on a microscope slide. 

A - : 8 “" 
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Serial Dilution in Body Fluids — Staph. Aureus” 

PROCEDURE 

Place 1 1 storilo Wasacrmonn tubes in a rack. To the first four add con- 
secutively tho following amounts of standard streptomycin eolation 
diluted in veal infusion broth containing 10 pg/ml, 0.5, 0.2, 0.15 and 0.1 
ml. To tbo remaining tubes odd consecutively the following amounts of 
standard streptomycin solution diluted in veal infusion broth containing 
1.0 Mg/ml, 0.5, 0.4, 0.3, 0.25, 0.2, 0.16 and 0.1 ml. Add the unknown fluid 
in the same amounts to a similar set of tubes. Add sufficient veal Infusion 
broth (pH 7.4) to each tube to give a total of 0.5 ml per tube. From a 0 hr 
culture of Siaph. aureus, strain BM, grown in the samo veal infusion 
broth grown at 37 C, prepare a 1 : 1,000,000 dilution and add 0.5 ml to 
each tubo in both series. Incubate at 37 C for 18-24 hr and determine the 
highest dilution showing comploto inhibition in both tho standard and 
tho unknown. In tho standard dilution scries inhibition will occur at tube 
5, which contains 0.5 //g. Tho concentration of streptomycin per ml of 
body fluid is shown in the tabulation. 


Tea* 

CDKOIMTaATXa 

| 1 

i 

s 

4 

Dilution 

1:2 

1:5 

1:7.5 

1:10 

Ml of ■treptomycin stand. (10 **/nil) 

0.5 

0.2 

0.15 

0.1 

0 g of tlnrptomj-dn 

5.0 

2.0 

1.5 

1.0 

Ml of real lnfualoo broth (pH 7.4) 


0.3 

0.35 

0.4 

Inoculum, ml 

0.6 

0.5 

0.5 

0.5 

Value In rf/ml 

1.0 # 

2.5 

3.76 

5.0 


1:10 Datnwir 


Tom 

a 

a 

7 

* 

9 ’ 

10 

11 

Dilution 

Ml of aUeptomyrin 

1:20 

1:25 

1:83 

1:40 

1:60 

1:75 

1:100 

stand. (10 «t/ml) 

0.5 

0.4 

0.8 

0.25 

0.2 

0.15 

0.1 

of atreptomyafn 

Ml of real Infusion 

0.5 

0.4 

0.8 

0.25 

0.2 

0.15 

0.1 

broth (pH 7.4) 


0.1 

0.2 

0.25 

0.3 

0.85 

0.4 

Inoculum, ml 

0.6 

0.6 

0.5 

0.5 * 

0.5 

0.5 

0.5 

Value In >ig/ml 

10.0 

12.5 

16.6 

30.0 

25.0 

37.5 

60.0 


■ M J (Ofmcm Waahinatnc UnHwrtlty BcbocJ d MadHna and tha Anti- 

tiitlo Statical /-a.bora toryT^f tar rral Hoaf^tal, Army M adlca l Cant a r), with 

R.: A mat bod to r a— T** •freptomycta In body tuid., 

to be 







ASSAY OF STREPTOMYCIN POTENCY: B. CHEMICAL 
METHODS 


Colorimetric Method — Maltol” 


PROCEDURE 

Reagent *. — These are IN and 2N sodium hydroxide, 20 per cent so- 
dium carbonate, 1 per cent ferric ammonium sulfate in 0.76N sulfuric 
add, and phenol reagent (according to Folin and Ciocalteau). 

Maltol formation . — To 5 ml of tho streptotnyrin solution in a teat tubo 
add 1 ml of 2N NaOH. Immerse tbo tubo in a boiling water bath for 3 
min and cool for 3 min in cold water. 

Color reaction s . — -Either ferric ammonium sulfate or the phenol re- 
agent is used to develop a color with the maltol, depending on the amount 
of streptomycin originally present. Sensitivity with the ferric ammonium 
sulfate reagent is 500-2600 Mg of strcptomydn; with the phonol reagent, 
20-250 Mg- 

Ferric ammonium sulfate reagent . — To the cooled alkaline solution odd 
4 ml of the ferric ammonium sulfate reagent. Shako vigorously and after 
10 min determine the intensity of the purple color in a photoelectric 
colorimeter with filter 640. The light transmittance of the blank is nearly 
the same as for water and is constant, varying not more than «*«0.6 de- 
flection in the Evelyn photoelectric colorimetor. 

Phenol reagent . — To the cooled alkaline solution add dropwiee 1 ml of 
the phenol reagent and mix well. Lot stand 1-2 min, add 3 ml of 20 per 
cent sodium carbonate and shake vigorously. Read after 10 min in a 
photoolectrio colorimeter with filter .060. Prepare a blank simultaneously. 
Clinical preparations of streptomycin contain small quantities of ma- 
terial whioh react directly with tho phenol reagent. Ordinarily this ac- 
counts for 2-6 per cent of the color value obtained after maltol formation. 
Therefore an additional determination is carried out with 6-10 times the 
quantity of the sample in exactly the manner described above except 
that the heating period with alkali is omitted. Sinco the formation of mal- 
tol from streptomycin occurs at an appreciable rate even at room tem- 
perature, the phenol reagent must bo added immediately after the addi- 
tion of the alkali 


MeOumolie solution* of streptomycin . — If streptomycin is to be deter- 
mined in met han olio solution, the ferric ammonium sulfate reagent is 
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The teat can be dono in exactly the samo way using larger volumes and 
incubating the mixtures in small test tubes. When scrum water is used 
as tho medium for titration and Klebsiella 41 or staphylococcus as the 
teat organism the end-point comes at a dilution of 1 .*4,000,000-1 : 0,000,- 
000. In blood about 1:1,000,000 concentration of streptomycin is re- 
quired to inhibit growth completely, so that this method will indicate a 
smaller amount of streptomycin than tho thorapoutio lovel, whereas if 
broth wore used this would not bo so. Scrum water is also more suitable 
for tho teat because it is an unbuffered medium and tho end-point is mere 
easily read than it is in broth. 

Control . — Since tho final end-point of tho titrations depends on so 
many fact ora it is necessary to mako a control titration of a known con- 
centration of streptomycin (1 : 1,000,000) in human scrum. A comparison 
of the end-point obtained with this and with tho patient's serum will 
givo on absolute measurement of the streptomycin content in the latter. 
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Chemical Assay of Body Fluids'* 


PROCEDURE A 

Plasma reagents. — 1. Dissolve 0.133 g of 4-[4-{p-cMarophenyl&zo-l- 
naphthyl) ] semlcarbaxide in approximately 50 ml of redistilled methyl 
criloeolve by warming to 60 C. Dissolve 2.66 g of sodium acetate tri- 
hydrate in the solution so obtained, then add 8.3 ml of glacial acetdo arid. 
Bring the mixture to room temperature and dilute with methyl oelloeolvo 
to 100 ml. 

2. Chloroform, reagent grade. 

3. Concentrated hydrochloric arid. 

4. Trichloroacetic arid solution. Dissolve 15 g of trichloroacetic arid 
in sufficient water to yield 100 ml of solution. 

Technique . — To 1 ml of plasma add 3 ml of water and 1 ml of trichloro- 
acetic arid solution. After standing 20 min, centrifuge the mixture. Add 
3 ml of tho plasma centrifugate to 3 ml of the semicarbaxide contained 
in a glass -stoppered centrifuge tube graduated at 3.6 mL Heat the tube 
for 15 min in a boiling water bath and cool by immersion in Ice water. 
Add 10 ml of chloroform and shake the stoppered tube at least 100 times. 
After separation of the two phases, remove the chloroform with a pipet, 
the tip of which has been drawn out to a fine capillary, or by means of a 
syringe and long needle. Repeat the extraction with two or more 10 ml 
quantities of chloroform. After removal of the last chloroform layer, add 
sufficient water to bring the aqueous phase to 3.6 mL Treat 3 ml of this 
solution with 3 ml of concentrated hydrochloric add and allow to come 
to room temperature. Determine the blue coIot intensity in a colorimeter 
equipped with a 680 mu filter. Set the xero of the ooknimeter with a mix- 
ture of equal volumes of concentrated hydrochloric) add and a solution 
obtained by adding 30 ml of methyl oeDosolve to 100 ml of water. 

PROCEDURE B 

Urine reagents. — 1. Sodium hydroxide, 2.6N. 

2. Hydrochloric arid, 4N. 

8. Chloroform, reagent grade. 

4. Ferrio nitrate solution. Dissolve 0.5 g of ferrio nitrate nonahydrate 
in 100 ml of 0.035N nitric acid and dilute to 400 ml. 

Technique . — Mix 3 ml of dilated urine (containing no more than 2 mg of 
streptomycin) with 0.7 ml of 2.5N sodium hydroxide in a 126 ml glass- 
stoppered pyrex bottle. Immerse this in a boding water bath for 5 min 
cool in ice water, add 0.6 ml of 4N hydrochloric arid and 60 ml of chloro- 
form to the contents of the bottle and shake for 6 min. "Withdraw 60 ml of 
the chloroform phase and shake far 6 min with 10 ml of the concentrated 
iron reagent. Withdraw a portion of the aqueous phase and determine the 


« Mwilafl, E. Jr.) Blanchird, K. G. widBnlile. R L-; Drt*rmhx*tioe of «tr»Dto- 
mycHi to pU*m* *od nrh», J. PhinnatoL A Erper, Tlwip. 00: 107. 1H7, 
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applicable. Starting with 4 ml of methanol solution in a 10 ml graduated 
cylinder, add 2 ml of IN NaOH and immerse tho cylinders in a water 
bath at 06 C (■•■ 1°) for 20 min. After cooling, add ferric ammonium sul- 
fato reagent to tho 10 ml mark. Intensity of tho purplo color Is measured 
after 10 min. 

Calibration . — Use a sample of standard streptomycin as tho standard 
in tho calibrations. Since the salts of streptomycin aro hygroscopic and 
vigorous drying may causo some decomposition, two samples are weighed 
out at the same timo; ono is used for a moisture determination by drying 
for 3 hr at 100 C over phosphorus pentoxide in vacuo; the other is used 
for the calibration and a correction is mado for the water content. 

NOTES 

1. Tho phenol reagent is prepared as described by Folin, O., and Go- 
ad t can, V.: J. Biol. Cbom. 73: 627, 1027. 

2. Tho determination of streptomycin in broth and urine requiring 
additional procedures is given in tho original publication. 

Colorimetric Method — Oxidized NitropruBslde” 

PROCEDURE 

Place IX) ml of a solution containing approximately 0.1— 0^3 mg of 
streptomycin in a test tube and add 1.0 ml of freshly prepared oxidiied 
nltroprusside reagent and 3.0 ml of distilled water. Allow to stand at 
room temperature for 10 min and read tho light transmission in a photo- 
electric colorimeter employing a 640 mu broad band filter. Prepare a 
standard curve employing 0.1, 0.16, 0.20, 0.26 and 0.30 mg/ml of strepto- 
mycin standard. Determine the amount of streptomycin in the unknown 
solution by locating the point on the standard curve corresponding to 
the transmission percentage. 

NOTES 

1. Prepare the oxidiied nitropruaside reagent (Weber's modification) 
as follows: 

10 % iodhpn nit r oprnmidc 1 

10% poUjdam femeymnlde 1 ml 

10% sodium hydroxide I*®} 

Diitfflod water 9 na 

Allow to stand 30 min before me. 

2. The test constitutes a general reaction for guanidines. 


'V^IUrmn, M. X. rpd HUiWr, P. H.: Cbwnkml Am * 

Soc. AbitTol 100th C«iT»ntloci. bhr. HoJ. Cham., p. -4B. April, 104A 



ASSAY OF TYROTHRICIN POTENCY: BIOLOGIC 
METHOD** 


PROCEDURE 

a) Slock tlandard . — A solution containing 1 mg/ml of & mixture con- 
sisting of 20 por cent gramicidin and SO per cent tyrocidine in 95 per cent 
ethyl alcohol is tbe stock standard. A tain tain in the refrigerator at 15 
C and take precautions to prevent evaporation. 

b) Working elandard . — Dilute the stock standard so that 10 /ug/ml of 
tyrothricin is obtained, using 95 per oent ethyl alcohol. Further dilute to 
1 fcg/ml, using a solution of the following composition: 

Propylmo glycol 43.7 ml 

95% ethyl »A»hol 1U ml 

DistAled water, qj. 100.0 ml 

c) Organixm. — Strrpioayccvt faecaUs, group D, nonpathogonic (PCI 
1305). 

d) Media. 

1) Nutrient agar for carrying test organism 

Beef extract 

Peptone . 

NsQ 


Adjust to pH 7.0 before sterilisation. 

2) Assay and dally transfer broth. 

Tryptic digest of Uctalbamla . . . . 
Dktilled water. ... 



1000-0 ml 


8.0 g 

. 1000 0 ml 


or 


Panorwtfo digoat of caeein 8.0 g 

DfrtfOed water 1000.0 ml 

e) Technique of tmL — Further serially dilute the working standard with 
diluting solution (paragraph (6)) to obtain concentrations of 0.5, 0.25, 
0.126, 0.0025 jig/ml of tyrothricin and designate as B, C, D, E, respec- 
tively. The dilution designated A is the working standard (1 >*g/ml). 
Prepare 6 mi of each solution. Tbe corresponding values for gramicidin 
in tbe respective dilutions are: 


u r f 0 ?* 1 I>TUf Admlel*tr*tioo, Federal Batnrity Agaocy, YViubiaxtoo, D. C. Oawib- 
WW data. 



66 ASSAY OF STREPTOMYCIN POTENCY 

relative optical density -in a col on rooter equipped with a standard green 
filter (546 nyi). The absorption peak of the iron-maltol complex is broad 
and reaches a maximum at 530 rn,y. Correct tho colorimeter reading for 
the blank on each sample of urine used. This is determined by treating 
another snmplo of tho urine in tho fashion already described but without 
addition of sodium hydroxido and beating. 



SUPPLEMENTARY METHOD 


50 


itoeh atandard to 1 ml of the sample. Dilute the mixture 1:500, first by 
diluting 1 :60 with alcohol and then 1 : 10 with the diluting fluid to obtain 
1 v%/mi of added tyrothricin. Subsequent aerial dilutions of the 1 pg/ml 
solution are carried out and the seeded broth la added aa in the routine 
method, dhe resulting end-point is tube 7 of the serif* if the end-point 
for the standard eeriee occurs at tube 5. Thus, growth is inhibited by a 
dilution of the mixture which is twice as great as the standard. The tot 
sample therefore contains an amount of tyrothricin equal to the standard. 
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ASSAY OF TYItOTOIUCTN POTENCY 


Gramicidin value (*j/ml) 2 .1 .05 .025 .0125 

From each of tho tubes A, B, C, D and E transfer 0.16 and 0.1 ml to the 
bottom of chemically clean, atonic, dry test tubes (20 X 160 mm). Add 
a control tube containing 0.15 ml of tho diluting solution. Run standard 
in triplicate. Tho following values represent tho amount of gramicidin in 
the respect! vo dilutions of tho standard: 

Tube..... 12 3 4 56 7 6. 9 10 C 

Gramicidin 03 . 02 .015 . 01 .0075 . 005 . 00376 . 0025 .001875 .00125 0 

Diluto tho somplo to bo assayed with 05 per cent othyl alcohol to con- 
tain 10 /ig of tyrothricin per ml (estimated). Diluto to a working solution 
containing 1 ^g of tyrothricin per ml with tho diluting solution (para- 
graph (6)). Further serially diluto tho 1 pg/ml solution with tho dilating 
solution In tho samo manner as was done with the working standard, so 
ns'to give estimated gramicidin concentrations of the assay samplo which 
correspond to tho respective concentrations of the standard. Prepare 
solutions of tho unknown sample to bo assayed in triplicate. 

Seed tho assay broth from a 24 hr broth culture of the test organism to 
give a 1 per cent suspension. Shako the soedod broth thoroughly and add 
5 ml to each tubo of tho tripUcato scries of the unknown sample and to 
each tubo of the standard series. Shako all tubes vigorously and place in 
a 37 C water bath for 24 hr. 

f) I rdnjnrlalion.~~'Y]ie test should give a sharp end-point. Tho end- 
point of the standard should bo tube 5 or 6 of the dilution series repre- 
senting 0.0076 or 0.005 ^g of gramicidin. Thus, in an assay, if tho end- 
point for tho standard- is tube 6 and tube 7 is the end-point of tho un- 
known sample, the unknown sample contains 0.0075/0.00376, which 
represents twice the amount of tyrothricin in the working solution of the 
unknown as in the working standard, or 2 mg/ml in the undiluted sample. 


Supplementary Method 

It has been found that with the foregoing method certain preparations 
of tyrothricin, because of interfering substances, yield results which Indi- 
cate low values of tyrothricin. Therefore samples that show a deficiency 
of tyrothrioin should be check assayed as follows: 

P ROCS DUES 

Add to the sample an equal volume of the standard containing an 
amount of tyrothricin equivalent to that in the sample. Dilate with 
alcohol so that each mOlfliter of the mixture contains 10 pg of the added 
tyro thri oin standard. Further dilute the mixture with the diluting fluid 
(paragraph (6)) to obtain 1 /xg/ml on the basis of added tyrothricin and 
proceed as in the routine method. 

'Dios, if the sample claims 1000 pg of tyrothricin per ml, add 1 ml or 



TURBIDIM ETHIC METHOD 
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hr at 37 C. Suspend the growth in 10 ml sterile NaCI. Determine density 
of the suspension by measuring the light transmission of n 1:50 dilution 
in a colorimeter using & filter of 05 00 A wavelength. When the trans- 
mission is 75 per cent a 0.5 per cent inoculum is required. Vary the per- 
centage of inoculum with the density of the suspension. The same suspen- 
sion may bo used for 2 weeks if maintained at refrigerator temperature. 

3. Standard aqueous solutions of Imcitracln may be used for 1 month if 
kept under refrigeration. 

Turbidimetric Method* 7 


PROCEDURE 

Place in a rack six tubes (15 X 130 mm) for each level of the standard 
and six tubes for each unknown to be run. Dilute a standard bacitracin 
preparation to contain 0.1, 0.141, 0.200, 0.282, 0.398 and 0.602 unit* 
per ml. Diluto the sample undar test to contain 0.25 unita/ml (esti- 
mated). Add 1 ml amounts of each of these concentrations to the appro- 
priate tubes. Add 0.0 ml of refrigerated broth inoculated with (ca.) 5.0 
ml/100 ml of a standardised culture of Staphylococcus aureus (PCI 1203) 
to each tube. Place all tubes immediately in a 37 C water bath. After 4 
hr of Incubation add 4 drops of formalin to each tube and road turbidity 
in a photoelectric colorimeter, using a broad band filter of 5300 A wave- 
length. Average the colorimeter readings at each standard level. Plot 
thaw averages on semilog graph paper, employing units per tube as the 
abscissa and light transmission ns the ordinate. Connect each point with 
a straightedge and read the value of the unknown from the curve in units 
per tube. Units per tube times 400 will give the percentage potency of 
the sample. 

NOTES 

1. Maintain Staph, aureus (PCI 1203) on a nutritive medium consist- 
ing of peptone 6.0 g, beef extract 3.0 g, agar 16.0 g, distilled wator to 
make 1000 ml, final pH 7.0. Transfer every 2 weeks. Nutrient broth U 
inoculated on tho day of the test from a stock slant, and the organism 
allowed to grow until light transmission, employing a 5300 A filter, meas- 
ures 76 per cent. Broth cultures may be held at refrigerator temperature 
overnight. 

2. The nutriont broth is peptone 5.0 g, yeast extract 1.5 g, beef extract 
1-5 g, sodium chloride 3.5 g, glucoso 1.0 g, dipotassium phosphate 3.68 g, 
potasrium dihydrogen phosphate 1.32 g, distilled water to make 1000 ml 
(final pH 7.0). 


ih*d < St^ a ^ Drn * Admlxu*tr»tioo, Fedor*! Security A**ncy, WiUunrton, D. G. Unpub- 




ASSAY OF BACITRACIN POTENCY: BIOLOGIC 
METHODS 


Plate Assay 1 * 

PROCEDURE 

Use three Petri dishes for each point to bo dotonnined on the standard 
curve and three for each unknown solution to bo assayed. Place 21 ml of 
base agar, containing 0.15 per cent Bacto Beef Extract, 0.3 per cent 
Baoto Yeast Extract and 0.0 per cent Bacto Poptono and 1.6 per cent 
Bacto Agar (final pH 0.3-0.8) in sterile Petri dishes and allow to solidify. 
Prepare a seed agar consisting of 0.15 per cent Bacto Beef Extract, 0.3 
per cent Baoto Yeast Extract, 0.4 per cent Bacto Casitone, 0.0 per 
cent Baoto Peptone, 0.1 per cent Bacto Dextrose and 1.5 per cent Bacto 
Agar. Cool to 50 C and inoculate with the calculated amount of Micro- 
coccus flavu j suspension, then odd 4 ml of this seed layer to each base 
plate. 

Prepare aqueous solutions of standard bacitracin to contain 03, 0.4, 

0.0, 0j 8, 1.0, 1.2, 1.0 and 2.0 unrts/mL Use the 1.0 unlt/ml solution a a a 
reference point on all plates. Dilute unknown solutions to 1.0 unit/ml 
(estimated). Place six standard steel cups equidistant on each plate. 
Pipet into alternate cups the 1.0 unit solution (reference point) and into 
remaining cups the appropriate standard or unknown solutions, using 
three plates each. Incubate the plates at 37 C for 18 hr. Measure the xone 
of inhibition to 0.1 mm. Average the 63 (nine for each of seven points) 
1.0 unit xones of inhibition from the curve to obtain the average reading 
for the reference point. Average the nine readings for each paint on the 
curve and, using the observed variation of the 1.0 unit reference point 
average, correct the average value obtained for each point. Plot these 
corrected values on two cycle eemilog paper and draw the standard curve 
through these points. Estimate potencies from the curve. 

NOTES 

1. Maintain stock cultures of Af . flatus on slants c on t a in in g 0.3 per 
cent Bacto Beef Extract, 0.3 per cent Baoto Peptone and 1.6 per cent 
Bacto Agar. Incubate at 37 C far 18 hr; maintain the oulturee in the re- 
frigerator. 

2. Prepare an inoculum of M . flams by seeding a Roux bottle contain- 
ing agar (described in note (1)) with organism from a slant. Incubate 18 

_ Bennett, B- EL. Comracrfal StJrwtj Corporation, T«t» HmU, Ind. Unpi]bif»b*d 

data. 
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STERILITY OF SAMPLE 
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rise in temperature, or if the sum of the temperature rises of the three 
animals exceeds 1.4 C, repeat the test on five additional animals. The 
sample is nan pyrogenic if not more than one of these five animals shows 
a rise in temperature of 0.6 C or more above the control temperature of 
such animal. 

The same teat is utilized for streptomycin with a test dose of 1.0 mi/kg 
of a solution containing 10 rog/mL 


TOXICITY: SAFETY TESTS FOR PENICILLIN AND 
STREPTOMYCIN 1 ' 


PROCEDURE 

In oach of five mice, within the weight range of 18-26 g, inject intra- 
venously 0.6 ml of a solution of the penicillin sample prepared by diluting 
with sterile distilled water to approximately 4000 imits/ml. The injec- 
tion should be made over a period of not more than 6 sec. If no animal 
dire within 48 hr, the sample is noatttrio. If one or more animals die 
within 48 hr, repeat the test with five unused mioo weighing 20 g (^0-6 
g) each; if all animals survive the repeat test, the sample is nontoxic. 

The same tost is utilized for streptomycin with a test dose of 0.5 ml of a 
solution containing 2 mg/mL 


STERILITY OF SAMPLE" 


PROCEDURE 

a) Culture medtum. — Use UJ3.P. fluid thioglyoollate medium I or a de- 
hydrated mixture which, when reconstituted with distilled water, has the 
■ame composition as such medium and has growth-promoting, buffering 
and oxygen tension -con trolling properties equal to or better than those of 
such medium. 

In preparation of the medium from either the individual ingredients 
or any dehydrated mixture, avoid contamination with csicinm. 

Droij Admlnlatrctioc, I*d«l Security A**n«y, Offld*] Method. F*dml 
Admiaiatntion, F»d*r»] S*rttrfty A ■■» ay. Official Mrthod, 
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PYROGEN TESTS FOR PENICILLIN AND 
STREPTOMYCIN” 


PROCEDURE 

а) Ted animal . — Uso healthy rabbits weighing 1600 g or more which 
have been maintained for at least 1 week on a uniform, unrestricted diet 
and havo not loat weight during this period. For subsequent tests, ani- 
mals utilised t or previous tests may bo used after a rest period of not 
less than 2 days. Use a clinical rectal thermometer after it has been tested 
in a rabbit to determino tho timo required to reach mnrimnl tempera- 
ture. (Other recording devices of equal sensitivity are acceptable.) Insert 
tho thermometer or other recording dovico boyond tho internal sphincter 
and allow it to remain long enough to reach mn rimnl temperature as 
determined above. Moke four rectal temperature readings on each of the 
animals to be used in tho test at 2 hr Intervals, 1-3 days before such uso 
(this may bo omitted for any animal used in such tests during a preceding 
period of 2 weeks). Houso tho tost animals in individual cages and protect 
them from disturbances likely to cause excitement. Exercise particular 
care to avoid exciting the animals on the day of taking the control tem- 
peratures and on the test day. Maintain the animals in an environment of 
uniform temperature (»*«6 F) at all times. 

б) Conduct of led . — Heat ail syringes and needles to be used in a muffle 
furnace at 260 C for not leas than 30 min to render them pyrogen-free 
and sterile. Perform the test in a room held at the same temperature as 
that in which the animals are housed. During the test restrain the anim a ls 
in Individual stocks. Withhold all food from 1 hr before the first tempera- 
ture reeding until after the final reading of the day. Take a control tem- 
perature reading not more than 16 min after the animal is removed from 
the cage. Use three animals for each teat, but do not uso those with con- 
trol temperatures of 38.8 O or under and 39.9 C or over. Dilute the peni- 
cillin sample with pyrogen-free, sterile distilled water to a concentration 
of 2000 units/ml and warm to approximately 37 C. Inject 2000 units 
(ffitimated) per kg of rabbit intravenously through an ear vein within 16 
min after the oontrol temperature reading. Read temperatures 1 hr after 
injection and each hour thereafter until three readings have been made. 
The sample is nonpyrogenlo if, when so tested, no animal shows a rise in 
any of the temperature readings, after injection, of 0.6 C or more above 
the control temperature of such animal. If only one animal shows such a 

M Food cod Drux A d m lnh tu dloc. F*d«-*2 Security A**ocr, OffleW llrthod, r«d»rul 
R«<irt«r, Apr. 4, 1947. 
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HISTAMINE CONTENT CBTHEPTOMYOTN) 65 

pressure caused by 0.1 pg/kg of histamine base (not less than 20 mm Hg) 
is subsequently employed aa the standard in testing samples. 

Inject 3 mg/kg of the sample of streptomycin 'which baa been diluted 
in saline to contain 3.0 mg (esti m ated) of streptomycin per ml, maintain- 
ing the 6 min injection schedule. If a significant drop is encountered, the 
dose is repeated after the animal has been retested with the standard 
histamine. If the blood pressure remains reasonably stable, six to eight 
samples may be examined. The product is satisfactory if the fall in blood 
pressure obtained with 3 mg of streptomycin per kg of body weight is no 
greater than the fall obtained with 0.1 Mg of histamine base per kg of body 
weight (Doga may be substituted for cats in this test provided the ratio 
of the doses of streptomycin and histamine employed is the same.) 



04 niBTAMlNE CONTENT (STUEPTOMYCIN) 

b) Penicillin -preparation .' •— Dissolve tho aamplo to bo tested in suffi- 
cient sterilo, freshly prepared solution of 1:300 hydroxylaralne hydro- 
chloride, adjusted to pH 0.0 with sodium hydraddo, so that each milli- 
liter contains 6000-10,000 units. Shako vigorously. Let stand 1 hr and 
transfer 1 ml aacptically to each of four tubes containing 16 ml of fluid 
thioglycollato medium. Inoculate ono of tljcse tubes with 1.0 ml of a 
1 :1000 dilution of an 1S-24 hr broth culture of Staphylococcus aureus 
(FDA 200-P) and incubate all four tubes for 4 days at 37 C. The inocu- 
lated tube should show growth at tho end of 4 daj's; if it docs and no other 
tubo show’s growth, the sample is storilo. 

c) Streptomycin preparation . — Add asepticaliy 20 ml of etc rile distilled 
water to approximately 60 mg of streptomycin. Transfer tho equivalent 
of 26 mg of this solution to 6 ml of a sterile solution of 1:300 hydroxyl- 
rvrnino hydrochlorido adjusted to pH 0.0 with sodium hydroxide. The 
hydroxylamino hydrochlorido is sterilized at 16 lb pressure (121 C) for 20 
min and prepared once a week. Mix thoroughly and let stand for 1 hr. 
Transfer 1 .0 ml of tho inactivated streptomycin to each of four tubes con- 
taining 15 ml of fluid thioglycollato medium. Inoculate ono of these tubes 
with 1.0 ml of a 1 :1000 dilution of a 3-4 hr broth culture of Klebaidia 
pneumoniae (PCI 002) and incubato all four tubes for 4 days at 37 C. 
The inoculated tubo should show growth at tho end of 4 days; if it does 
and no other tubo shows growth, tho samplo is sterile. 


HISTAMINE CONTENT (STREPTOMYCIN) 4 1 


PROCEDURE 

Use a healthy adult cat as the teat a n i ma l. Determine weight and 
place under general anesthesia by administering sufficient (160 mg/kg) 
sodium pbenobarbital intraperitoneally. Surgically expoee the right ca- 
rotid, separating it completely from all surrounding structures, including 
the vagus nerve, by blunt dissection, and cannula te. Surgically expoee 
the femoral vein. Start the recording kymograph and inspect the tracings 
for amplitude of excursion and relative stability of pressure. Determine 
the sensitivity of the animal by injecting into the femoral vein standard 
solutions of histamine made to contain the equivalent of 1.0 ,ug of hista- 
mine base per ml. Make injections at not lew than 6 min Intervals, using 
doeee of 0.06, 0.1 and 0.16 og of histamine base per kg. Repeat these in- 
jections, disregarding the first series of readings, until the drop caused by 
equivalent dc*ee of hista m ine is relatively uniform. The fall in blood 

U Yood ud Dro* AdmtnWtrttinn, Tedte »I 8*ctn4tr A*«CT, Offid*! Mrihod. Tmianl 
p.tWOsr, Apr. 4, let. 



HISTAMINE CONTENT (STREPTOMYCIN) 65 

pressure caused by 0.1 pg/kg of histamine base (not less than 20 mm Hg) 
is subsequently employed as the standard in testing samples. 

Inject 3 mg/kg of the sample of streptomycin which has been diluted 
in sa lin e to contain 3.0 mg (estimated) of streptomycin per ml, maintain- 
ing the 5 min injection schedule. If a significant drop is encountered, the 
dose is repeated after the animal has been retested with the standard 
histamine. If the blood pressure remai n s reasonably stable, six to eight 
samples may be examined. Hie product is satisfactory If the fall in blood 
pressure obtained with 3 mg of streptomycin per kg of body weight is no 
greater than the fall obtained with 0.1 ^g of histamino base per kg of body 
weight. (Dogs may be substituted for cats in this test provided the ratio 
of the doses of streptomycin and histamine employed is the same.) 



SECTION II 


Circulation — Blood Flow 
Measurement 

associate edito r — Harold D. Orton 


INTRODUCTION 


The assignment for this year's physiology section is Circulation. Be- 
cause) of limitations of space, recent considerable interest in blood flow 
and the fact that several now techniques havo appeared for its measure- 
ment, the section is limited almost entirely to a presentation of blood 
flow, including cardiac output (total flow), flow in various regions of the 
body and on interpretation of the measurements in terms of vasomotor 
activity. Techniques for pressure measurement were recently reviewed 
by the editor.* 

Blood flow measurements have been used: (o) for physiologic studies 
of regulation of the circulation in response to fluctuating dem&nds in 
various regions, to nhangew in posture and acceleration and in the main- 
tenance of body temperature; (b) in study of disturbances of circulation, 
such as arteriosclerosis, Buerger’s disease, hypertension, A-V fistula and 
congenital cardiao defects) and (e) In the pharmacologic study of drugs 
and synthetic agents designed to control hypertension, relieve vascular 
engorgement and improve peripheral circulation. 

Recant developments have emphasixed methods applicable to man 
and unaneethetiied animals. In acute experiments, flow measurements 
in the opened blood vessel have the advantage over most other methods 
of giving direct and fairly accurate quantitative readings, but require 
aneethesia and some form of anticoagulant. Both venous outflow and 
arterial inflow methods are applicable. For the former, measurements of 


* niMn. H- D.: Cfreulatfan: Pbr*«l PrfndpIejJn <B«r. O. UUiad 
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BLOOD FLOW MEASUREMENT 
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Tenmu drainage or of the mean flow in veins returning blood to the heart 
are auitablo; for the latter, the meter must oither record the instantane- 
ous flow or be able to integrate correctly the pulsatile flow found in 
arteries, or else the pulsatile flow must be converted to a steady flow. 

Blood flow in the whole body is determined from the cardiac output 
measured by the FIck method and other gasometrio techniques (p. 224) 
and by dye injection (p. 221) and in a qualitative sense by the balliatO' 
cardiograph (p. 221) and pulse wave velocity registration (p. 221). Cu- 
taneous blood flow can be estimated by the photoelectric (p. 177), the 
bow string (p. 160), and the Hewlett-Van Zwaluwenburg plethysmo- 
graphic techniques (see p. 182), by registration of cutaneous tempera- 
ture or beat radiation (see p. 140) and in experimental animals by direct 
measurement of inflow or outflow (seo pp. 08-130) in a vessel supplying 
principally a cutaneous area. Blood flow in muscles may bo determined 
by measurements of deep muscle temperatures (p. 146), by plethysmog- 
raphy (p. 182) and by direct blood flow measurement in vessels supply- 
ing primarily muscular tissue. Hepatic (p. 100), cerebral (p. 204), coro- 
nary and renal blood flows (p. 191) have been studied by chemical tech- 
niques and tho last throe also by direct blood flow measurements, blow 
in blood vessels may be measured in both the opened (pp. 78-89, 96-108) 
and unopened vessel (pp. 89 and 108). 

— ff in OLD D. O itrTW . 



VENOUS DRAINAGE RECORDERS 


HAROLD D. QUEEN’ 


One or the 8iurLC8Tond in many respect* tlie most satisfactory method 
for recording flow through an organ or portion of tho body of experi- 
mental animal* is to collect tho out (low from the cannulnted vein in a 
suitable chamber and to measure or record the volume periodically. 


I. Slope or Integrating Recorders 

a) Vohtme ream] era , — Tho rote of accumulation of venous outflow 
blood may bo indicated mechanical!}* by causing tho blood to enter tho 
bottom of a closed chombor and recording the volume of displaced air 
with a bellows, boll, float or piston recorder as a sloping lino on a kymo- 
graph record (Fig. 1). A sensitive recorder to measure very small flows 
could make uso of tho almost frictionlcsa movement which can be ob- 
tained by uso of a dry syringe in which citlier tho barrel or the plunger is 
continuously revolved (3). 

b) Pressure registration . — Tho rato of accumulation of venous outflow 
blood can be indicated, os propoeed by Ligon (8), by recording on a 
photokymograph by means of an optically recording pressure manometer 
the increase of pressure in the blood in the chamber as tho fluid level 
rises. 

c) Mechanically indicating weight recorder . — When a sensitive volume 
recorder is not available and when mechanical indicating is desired, a 
highly satisfactory recorder may be constructed from a triple beam bal- 
ance, sensitive to 0.1 g (Fig. 2). The weight of the chamber is counter- 
balanced and the weight of the blood opposed by a sensitive spring. A 
sensitivity of 0.6 ml/mm deflection is obtained by using a long recording 
arm; the arc is negligible so that the record can be handled as if written 
by a vertically moving pointer. I attempted to use a pulley and counter- 
weight in place of the balance to obtain vertical recording, but friction in 
the bearing was such that the pointer would not respond to an increment 
of 1 ms than 6 mL The balance type of recorder can be adapted to optical 
recording by use of mirrors (Fig. 3). 

d) Mecharntmefor emptying outflow chamber. — To facilitate use of such 
recorders an arrangement is usually provided for emptying the measuring 
chamber periodically. This may be accomplished by manual operation of 



SLOPE OR INTEGRATING RECORDERS 


stopcocks or pinch clamps. More frequently an automatically operating 
fiphon (Fig. 2) is used (7). It Is simple to construct and is the only mech- 
anism sui table for use with tbo balance meter (Fig. 2). Howover, at low 
rates of flow the siphon may not start unless made of small bore tubing, 
i.6-, less than 6 mm internal bore. On the other hand, such small boro 
will not accommodate large rates of flow without causing considerable 
interruption during which measurement of flow is not obtained, and at 
high rates of flow it tends to empty before the chamber is full. 



Fio. L — Arnu^ewct for respirometar type of outflow reoorder, de- 

riened to empty Itself autonuUieiuly. WP. writing pointer; VR, volume recorder; 
VO. venous outflow cannula; CC, oolloction chamber; &IC, messuring chamber; 
SAlCt, EMC*, electric clampt to control flow from and into measuring chamber; 
B, serai tivr bellows and contact for signaling height of blood In meaauringchamber. 
Apparatus at left is a latching relay motivated by bellow* B which opens EHCi and 
dnioi NAfCj when blood in measuring chamber has reached proper bright, »nd 
doses BltCi and opens EilCt when blood has dropped to proper point. Device 
above left Is a counter for to tailring stroke of the flow meter. 


Emptying may be by electrically operated clamps controlled by & 
latching relay operated by a bellows and contact, the latter controlled 
by the blood level in the measuring chamber (Fig. 1). Since an electrical 
contact is made at each end of the stroke, this arrangement can be used to 
total Ire the flow over a considerable length of time by connecting an im- 
pulse counter in parallel with one of the magnets (Fig. 1). 

e) Calculation of flow . — With any of tho above described outflow meters 
the slope of tbo recorded line » readily converted to ml/min by construct- 



70 VENOUS DRAINAGE RECORDERS 

ing a protractor from transparent plastio sheeting which can be applied 
to the curve and which will convert the slope directly to rate of flow. 
Such a device can bo used only where tho piston recorder rises vertically 
and linearly with inflow of blood and where the drum speed remains 
constant. Calculations for such protractor are 

'-»*E 

where F Is rate of flow in ml/min; 8, measured angle between slope line 



Fio. 2 . — Device for recording veoous outflow. Outflow enter* measuring chamber 
IIC through outflow cannula. Weight of chamber is supported on sens! tire balance 
B, which b Just adjusted to support the chamber. Sensitive spring S pulls writing 
pointer WP to lower position when measuring chamber b empty. As chamber fills, 
pointer moves up until automatic siphon AS causes chamber to empty. Pointer 
may extend 30-60 cm from axis of the balance. 



Era. S. — Mirror arrangement for attachment to the balance (Fig. 2, 17) to 
it to optical rooordlne. L, projection lamp; MB, mirror mounted on balance over 
fokrum: US, mirro r for reflecting light from lamp down on mirror MB, then direct- 
ing reflected light from MB into pnotokymograph shown in loww left-hand corner. . 

and base lino; tan 8, the tangent of this angle — from trigonometric tables; 
Rj calibration of the flow meter in ml/mm rise of the recording 
: Hno; and L, calibration of the kymograph drum in min/mm movement 
. of the paps-. 

When the emptying of the chamber is sufficiently aocurate, the rate cn 
florv/mln can be calculated from the length of the cycle in aeconds: , 


7X00 
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where F ia flow In ml/tnin; V> stroke volume of chamber, and T, length 
of stroke In seconds. 


H. Direct Reading Rate of Flow Meter 

The outflow meter may be modified (Fig. 4) so that the cycle has a 
constant length by rotating an L stopoock by means of a magnet con- 
trolled by a relay operated from the laboratory time signal system. 



Fro. 4A. — Amn*Bi»Qt (oc on u ooattauoos recording outflow meter. VS, 
voiame recorder; VO, rwxxs* outflow (Annul*; CC, oofl«tk» chamber; MC, me**nr> 
la* chamber; OC, crirflow chamber which aisnres that blood in tnrt^aring efajuniwr 
drop# to coasUat Serel dorht* each outflow stroke of meter; SUC t , SiSOj, electric 
elampa for aflowta* blood to flow, respectively, from *nd Into measuring chamber 
from oottoctlon chamber; SU, rmebronota motor; TW, timing wheels from labora- 
tory timing system *o arranged thst they ckwe cratact C for approrfmateiy 2 see 
and lefcro Ft open *pprtwim»»Iy 8 sec, total cycle being 10 sec; K, relay operated 
by timing system. 

With this arrangement the rate of flow during each 10 see interval is 
signaled in term* of height of rise of the volume recorder line. This is an 
extremely convenient procedure, particularly for study of the r»poe»e 
of perfused tissues, in that the rate of flow is continuously and immedi- 
ately available without resort to calculation and in that the kymograph 
drum may be run much slower, thus conserving paper. With this ar- 
rangement it is immediately apparent when flow has returned to control 
rates and thu* when another Injection may be made (Fig. 5, p. 73). The 
first meter of this type was described by G&ddum (5). 
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Inp « protractor from transparent plastic sheeting which cm be applied 
to tl» cun-o and which will convert the slope directly to rate or Dow, 
Kurh a device can l«o uyd only where the piston recorder rises vertically 
nnd linearly with inflow of blood ami where the drum speed remains 
constant, Calculation* for such protractor arc 


where F is rate of flow In ml/mln; f, mean urn! angle between slope line 



Fiq. 2.— Deri re for recording reoous oulUrw. Outflow rater* measuring chamber 
MC through outflow cannula, Wright of eharatxr b supported on acoriUre balance 
B, which U ju»t ad J tilted to support the chamber. Send lire spring S pulls writing 
pointer JTJ* to lower poaJUoa when roraiuring chamber U empty. Aa chamber filU, 
pointer morra up until auto milk alphon AS eattwa chamber to empty. Pointer 
may extend 30-bO cm from axis of Ibe balance. 



Fio. 3. — Mirror arrangement foe attachment to the balance (Fig. 2, H) to co nvert 
It to optical recording. L, projection lamp; MB, mirror mounted on bdanroorer 
fulcrum; W5, mirror for reflecting light from lamp down on minor MB, then direct- 
ing reflected light from MB Into photokymograph ahown In lower left-hand corner. 

and base lino: tan 6, tho tangent of this angle — from trigonometric tables; 
It, calibration of tho flow meter in ml/mm rise of the recording 
line; and L, calibration of the kymograph drum In min/mm movement 
of tho paper. 

When the emptying of the chamber Is sufficiently accurate, the rate of 
flow/mln can be calculated from the length of the cycle In aeconds: 

v F X 00 
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Operation of a signal magnet by contact of the fluid with the electrode* 
is not powiblo. To overcome this, amplifiers, sensitive relays and other 
devices have been interposed l>ctwocn contacts and signal magnet (2, 6, 
11 , 13 ). 

To simplify analysis of such records and to give a continuous picture 
of the rate of flow, Meinera (10) do vised an apparatus in which a writing 
pointer moves with a constant speed in the ordinate direction, returning 



Fia. 5. — Bamplc record obtained with flow cm ter described in Figaro AB. record 

written by relume nxorder; B, mean arterial prawure; C, signal for infection of 
•eline end Injection of vasodilator (Osddy, plain, nonhltereid, 0.4 ml). Response to 
aaline ia the email nao m stroke at left odjp* of record In curve A ; rmpocK to vaso- 
dilator h larger eerie* of nee* of volume recorder juet above the flaure 0. D, time, 
each space bong 1 min. Calibration ru wch that maximal flow dormv vasodilation 
wae approximately 10 ml/10 eee, and approximately lioear. Calibration should be 
made whQo meter is makjp* strokes, Le , with constant flow rather than by measur- 
ing deflection In rrspooso to addition or a single volume ol fluid. 

abruptly to its starting position each time a drop hits the oantact. The 
time between drops ia thus indicated by height of the ordinate, faster 
flows giving shorter linos and slower flows longer lines. 

The position of the contacts has been modified to record inflow. This la 
accomplished by causing a oonstant flow of perfusion fluid from a Mari- 
otte flask into a perfusion reservoir at a rate which Is faster than the per- 
fusion. The excoas, escaping through an overflow spout, drips on a pair 
of contacts arranged to record as above. Rapid Inflow ia thus signaled by 
a slower rate of dropping, and slower inflow by a faster rate of dropping. 

Vertical movement of the pointer it accomplished by a constant speed 





VKN'OUri UltAIN’AOi: mxX)HL)IUW 

Iii nil of tliiiwi ty|KVi of tnrtore tl* ycimhji atitflovr mu.it bo from a tube 
into a collection clinmbrr, ai shown in tlio illuitrntlcms, rather than di- 
rectly into tlm Imttmn of tho meaiuring clumd*r. Tho latter would intro- 
duce |K*riodic vnrlatioiw in reliance to outflow which would intern? 
with nrrumto measurement*. 


to-vr 

A 
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FROM V 



Fio. AH. ~M««diJkwtk>o of Figure A A, mbit L itopcork. Thb b room *ati*fivriOTT 
Ibon ricrfnnnariwUlr rlanifu bnrau^e it *roidi nvtrrmmt of roJunv* recorder cso^rd 
l>V rompfTwIon of rubl**r lubm by cUrnrn EMC t sad EMCt (FI*. 4.t). RC, rectfrtng 
rbamlirr Into which blood flnwm from rein: I/SC, L stopcock; MC. measuring cham- 
ber; TO-VR. rnn section to relume recorder; OR, outflow morrmr; TO-V, outflow 
to desire arranged to return blood to anlmal’t rein; KM, electromagnet (cooimiently 
a solenoid) which routes stopcock to ririit; S, spring which retow stopcock to 
portion shown In lower half of drawing KJcctro/najowH EM b operated by ronoeet- 
!n* It to appropriate contact on relay shown In Figure AA : Lr., connection should be 
Rune a* Tor EilCi, Tbe solrookb are those used hi operating clutch, vmlrei, ettu, on 
the Bcndlr wjmhln* marhlno and are obtainable from Bendix merrier departments. 


IH. Drop Recorders 

For very low rates of flow, drop record ere can bo used to measure either 
inflow or outflow. Accuracy depends on tho drop slxe remain in g the same 
at all rates of flow. Most of the electrical circuits devised to allow regis- 
tration and counting of tlm drops are arranged so that the drop shorts a 
pair of contacts, causing a signal magnet to record the time of the drop 
on a kymograph. Owing to the high electrical resistance of many fluids 
and their tendenay to cause a coagulum to form on the contacts, direct 
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V. Strain Gauge 

H- 8 . ALEXANDER, W *ttm n ftann* U**Mnit* 

To replace rather combertoroe and frequently inaccurate mechanic*! 
devioe*, we have introduced a strain gauge to obtain a continuous record 
of increase in weight of the collecting veeeeL It is a small compact unit 
which may be placed directly under the receiving vessel and conn 00 tod 
to the recording system by light flexible wires of any desired length. 

PROCEDURE 

The gauge* is a self-contained Wheatstone bridge accurately balanced 
to null current when there is no stress applied to tho pin actuating the 
sensitive resistance elements of the bridge. Although designed primarily 
for measurement of minute displacements, it may bo used for direct 
measurement of stresses in certain range*. A gauge with a full range of 8 
os is well suited to measuring blood volumes of tho order of 100 ml. With 
an input to the bridge of 6 v obtained from ordinary dry cells, there is 
sufficient output current to actuate directly galvanometers having 


^ir*noUrtar*K3 by Buthsm L*bcc»iori«*, ina. S2J3 Bsvsrty BNvL, An,***, * 3 , 
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motor nml Hutching inrrlmnlrm (1) or by n condemn, thyratron, gal- 
vanometer circuit (0). A recently drerri1*'d rardiotaH tome ter could he 
umx] for thin purjHwe (12). 



Fin. 0. — Upturn flow pump (Andaman (|)). Blood flowing from flow meter enter* 
upper chamber through A. A ■ lowly flowing *trcam of air under aultnble prian re 
enter* lower chamber through D. LUood trielde* down through ground glai* ralre 
E, elevating float D until It *eoU at E. Air entering B then dl*placea blood out of lower 
chamber through connection C until all Wood hai been pumped up to the renou* 
Infwlon reacrrolr (not abown), when float D drops, allowing eacapo of air through E 
and again allowing Wood to flow from upper into lower chamber. (Reproduced by 
eourtcay of Dr. F. F. Anderson, Gba Pharmaceutical Product* Company.) 


IV. Return Flow Pumps 

With all of the ftforementianod meters it is necessary to return the 
collected Wood periodically to the circulation. A convenient device for 
accomplishing this with minimal trauma to the blood was described by 
Anderson and Craver (X) (Fig. 6). 

Nom— Thia section was reviewed by John R. PappenheXmer. 
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of the opening of the outflow tube. Although presence of slight collateral 
drainage of the organ under study may be regarded aa a small and pro- 
portionate systematic error in some situations, the hydrostatic level of 
the external circuit becomes a critical determinant of the measured out- 
flow if there are collateral routes for venous drainage (see p. 218). Ex- 
cepting these reservations, however, wo have found the method ex- 
tremely reliable and easily adapted to a wide variety of experimental con- 
ditions. 



7(1 
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pfrimU of 0.1 nt, Tim ilqmrturr from linearity nf ttw* rrlatimi-hip of 
volume* (weight) t«» galvanometer drflerllnti is mi Might that it may be 
Ignored for most |iur|*>M*. By rminling the galvanometer deflection with 
a conventional phot okytimgroph, nmimtr graph* of the- Inercav* in vol- 
ume in the outflow receiver against time are readily recorded. 

In our applimthm of Ihl* device, tin* outflow receiver (a Is'akcr of 100- 
250 ml capacity) is plared cm nn aluminum platform 8 X JO cm. The 
platform is susjH*ndcd me three point*, two of which are steel pins pivot- 
ing on Injured l waring*; the third is tin* actuating pin of tin* strain gauge. 
If quantitatively reproducible record* arc drMred, provision must Is? 
mndo for accurate ptarrtnent of tlw* receiver nt a fixed jmint on tlie plat- 
form so tlwt the ineelwniml advantage of jm<p<>nrion rrmnias constant. 
It is simjde to plnrr the rervivir in any convenient jnnitlon on tl»c plat- 
form #ti<l then, after enrh rerortiinp. to cnlilmtr the record hy witbdraw- 
inp nn accurately measured volume from tlie receiver and record the re- 
sultant pilvwiwndir deflection Iwforc the receiver is moved. To permit 
selection of different recording sensitivities, n vnriahh* resistance has 
Ixrn placed in the galvanometer circuit with due provision for maintain- 
Inp proper dampinp. 

Adaptability of this device dcjieiuLs on volume flow and length of time 
over which a continuous record is doMred. Mood collected in the receiver 
of the strain gauge meter is at the cjqwnse of tlie animal's blood volume, 
and if this lowers arterial blood pn*>sure the dynamics of the circulation 
through the organ under study will Ik? altered. In gencrah n 15 kg dog 
in good condition mn withstand hemorrhage of as much as 100 ml of 
blood nt tl>c rate of 50 nd/min with only minimal fall in arterial pressure. 
At flown significantly l>clo\v this level recordings of 3-5 min will not inter- 
fere with the arterial pn-»surc head. To maintain pressure at higher rate* 
of flow wo linve introduced into the arterial system a compensating rwer- 
volr adjusted to the proper hydrostatic level to maintain the desired 
pressure (sec p. J20). In this way we have recorded flows of over 200 ml/ 
min for intervals of 30 see without change in arterial pressure. 

Critique , — One particularly advantageous feat tire of this method In 
experiments for which it was designed is tlrnt tlie record is a cumulative 
measurement. Not only docs the slo|>c of tbc tracing at any point give 
the rate of blood flqw at tlrnt time, but tlie total volume flow during an 
Interval in wliich tliere were rapid changes in rote of flow may bo 
measured directly on tin* original record without tiro necessity of 
integrating a largo number of individual rate determinations. 

This device does not circumvent certain problems common to all appli- 
cations of tho phlobotomy method. The outflow connections should bo of 
as largo a diameter and ns short n* practical to avoid significant resis- 
tance to flow in the external circuit, especially at high rates of flow'. This 
precaution is easily satisfied licre because of tho extreme simplicity of tbc 
outflow circuit. Consideration must bo given to control of collateral ven- 
ous drainage, and special attention should be paid to the hydrostatic level 
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Fra. L — Ooaa-tranafaaioo aoperataa aeing Ladwlg etraimihr principle. BJood 
from artery- of doc II enter* chamber B through etopoock iSwdla pl a ctt if oil Into 
chamber A which In taro dlaplaoea blood Into rota of dog EL When riatoa column 
of blood rwebe* contact at top of tabs B, writable relay* operate to eaoae the motor 
(lower right) to rotate to let, thoi rotating the etopooeka through, a 90* angle. 
Blood from artery of do* I now enter* the bottom of reservoir A anddleplaoea blood 
from renrroir B into ran of dog L When blood in chamber A toueitea the upper 
contact the motor la again actuated, rotating the atopoooka to right. (Thta and 
Fig. 3 reproduced by ooorteay of Ilrritv aj SamUJLo Intb-umnlt (10315, 1945].) 

4. Kbch, B.r OroulatJon (Interaction of Heart and Blood Veaaola), In Bathe, A., 
d aL (ada): UaxdbucA dtr «awl« wtd yo O tolotft c/t** PhtiMoqU (Barifn: 
Jolhia Springer), rod VU, pt. X 

a. Parlor, J. P.: Infloonoe of vague on work of left ventricle. Arch- f. PhyainL 
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w®- Boy and Adam; Failure of heart fnxn overrtrain, BriL M. J. 2: 1S2I D*c. 15 
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Mkan ru)W ncconDKiM suitable for insertion in the blood stream may 
lx* used in t Ire path of vcnrnn (loir where the blood returns directly to the 
heart or to the reservoir of a perfusion system. The}' have the possible 
advantage over outflow meters of luring sensitive to variations of central 
venous pressure. The various mean flow meter* with a linear calibra- 
tion include Ludwig type stromuhr*, bubblo meters (pp. SO and 103) 
nnd similar do vices which record passage of n given volume of fluid re- 
gardless of rate. Those with nonlinear calibration Include thennoetro- 
muhra (p. SO), rotameters (p. 9G) and differential manoroetcra (p. 101). 
•Calculation of mean flow from pulsatile flow curves is possible, but is 
complicated by the necessity of reconstructing tho curves with linear 
ordinate scales. An expansion chaml>er facilitates calculation of mean 
flow l>y damping the flow pulsations (sec p. 106). 


I. Ludwig Type Stromuhrs 

I/jdwlg type stromuhrs have bad many applications (4-0, 7, S, 10). 
A modification has been used for crow-transfusion purpose* (Tigs. 1 and 
2). Tboy arc satisfactory for continuous flow measurement when mean 
rates of flow over periods of 30-00 see aro desired. Rates of flow which 
fluctuate at shorter intervals are difGcuIt to obtain with accuracy with 
this type of do vice. Unless care is used in their construction, considerable 
pressure drop may occur tlirough them owing to the lengths of tubing, 
stopcocks and angles through wliich tho blood flow*. 

II. Moving Piston Meters 

Numerous moving piston meters have been devitod. The author has 
had no experience with thorn. It would seem likely that they would offer 
considerable resistance to flow if inserted directly Into the path of blood 
flow (1-3, 6a, 9). 
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Fro. 1. — Spiral type of bubble metri *howin* injecting ralve (upper right!, maria 
on measuring tube, trap and »trti*ht return tube. Robber tube* in foreground convoy 
wmter at S8 C through inched which uirroondi rooet of tho circuit. 



A B C 


Fio. 3. — Three arrangements of measuring tube (apiral. A; helical, D; rectangu- 
lar, C) deaigned to aecore compactneaa and utility. Straight return tube it to right 
In each lnatanoe. 

arteries were taken. As the damping cannot be entirely eliminated, a rela- 
tively constant, moderate amount seems preferable to a small but vari- 
able degree. 

To obtain compactness the measuring tube, which may be 1 m long, 
hss been cofled (Fig. 2) and ring-sealed into a jacket through which cir- 
culates water at 38 C under thermostatic control When the meter is 
interpolated along an artery, tiro trap (Fig. 3, A or B) bridges to a 
straight return tube also ring-sealed into the jacket When some other 
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in. Bubble Flow Meter 

II. D. nitronit. I'mitmitg *f Ffnnrylronia* 

The original bubblo flow meter (6) wn* a !>ent length of glass tubing of 
known volume with a trap to remove tho air bubblo which was injected 
to mark off tho forward movement of blood. Subsequent refinements 
(1, 4) (Fig. 1) liavo made it a convenient direct-reading flow meter, al- 
though still imperfect In some respects. Services of a professional glass 
blower arc desirable but not necessary. Tho bubble meter’s advantages 
are self-evident, and no other stromuhr, except possibly tho electric 
rotameter, approaches its reliability and utility. 

Tho meter is not adapted to use in man or in chronio experiments, since 
the artery to bo studied must be Ugntod and can m i l atcd and the blood 
made completely incoagulable. General anesthesia i* superior to local 
anesthesia because the motor and leads should sustain very little move- 
ment. When movement is unavoidable, as with the splenic artery, the 


* At proMfit at the Unlraatty erf North C*roiin*. 
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nificant pressure loss. Figure 4 shows the pressure low at different flows 
due to a pair of caxmuke appropriate to a meter of 4 ml volume. 

2. Dead-end T-tubea. One T-tube is necessary to take the bubble in- 
jector; another, for injection of drugs, it optional. This appears to be a 
minor source of loss. 

3. Tube length. In agreement with Poiseuffle’s law, pressure low is pro- 
portional to length of tube, the diameter remaining constant. Theoreti- 
cally this source may be minimized by selecting a huger diameter of tube , 
but in tubing of diameter greater than 5 ram, the bubble, even a very 



Fio. 5. — Proton but with rwpeet to flow la T*ri«*i (arm* of meter: carw 1 
with *pir»l tubln* (*» FI*. 2) curve S with helical, ctirm g with rsetaopdar and 
curve 4 ^th »tr»JahV tubing All meter* were eoraUally Identical, haring metering 
mhun» of BJH7 0.0© ml. Scale «t top gin* actual tramit time for a bubble at 
flow below. Relative rlaooaltj <ru 4.9 * 0.08; temperature 34 C. 

Urge one, spreads over a layer of blood instead of interrupting the col- 
umn; the result U "slippage" and unreliable readings. Taking 6 mm tub- 
ing as the upper limit of diameter, the peak flow in practice become* 
about 200 ml/min. 

4. Curve* in the system. Any deviation from straight-line motion oo- 
caeioni energy lose in moving liquids. The importance of this in design of 
a bubble meter U shown in Figure 5, Three of the met era had the forma 
shown in Figure 2— spiral, helical or rectangular; the fourth was a 
straight tube. The meters were identical in all other respects: total 
length, diameter, trap and four unavoidable 90° bends. The four meters 
had approximately the same minor irregularities of bore, loess* from 


mium i i.ow ni:coni>r.u.i 

nrtcrj- lu the nupply, the exit cannula to the artery under ntudy sirinp 
directly from tlic trap (Up, 3, C) wlilcli connect* directly to tire dirta! end 
of tlm meterintt tilin'. 



ABC 

Kia. 3-— Tlirr*' trr*r* of buMiU* Uajw. A and D an? u-td wbrro th* trap bcldcr* 
U) Iih) it turn tub*. A ii uwhI m in n*um 1, a btro endi of the mrtrr are bent W* 
Into a vrrtlrat plane. and //, where mJt remain Mraljtht C U uwd for dim* Con- 
ner! loo l»rt*rm bnrirrmlal end of rneaturinr tube and perforin* cannula. Bend* 
la if aro rrotle, and not ai anite a* aurr^trd here; li li preferred to other form*. 



Fio. 4. — Bolld line* ibow loos of prcaaure at different flow* from a pair of eannu l aa 
with moderately flno throata, about 1 mms c ur re t, with blood of raatlre Tiaooalty 
4.0; curve f. with water. Broken line abowa prerwure loaa from a larger pair of eaa- 
nulae, about 16 mm, uab* water. 

From the standpoint of hydraulics (3), pressures losses arise from four 
conditions inherent In the meter. 

1. Sudden changes in croea-eection, either constrictions or enlarge- 
ments. These are found in the cannulas, at joints, at irregularities of tub- 
ing from inept glassblowing and in the trap. With high flows turbulence 
la especially likely to develop at these points, with introduction of *ig- 
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create in viscosity by stabilising streamline flow tends to reduce pressure 
losses from turbulence at the sites mentioned above. 

A more serious effect of viscosity is related to calibration. The meter 
overestimates true flow (Fig. 6). The error is negligible in lower flow 
ranges but increases steadily in tho upper ranges, and increased viscosity 
makes the deviation more pronounced. The effective or working caliber 
of the tube decreases with increasing velocity; i.e., the volume deter- 
mined by static calibration fails to take into account thickening of the 
more or lets static peripheral layers of fluid when the velocity profile 
elongates 



Fro. 7. — Convenient bubble injector. Hole ii drilled through barrel of * taberoaUn 
STTinjpe, A,tU point inch tint Injected *ir volume will create a np of 1-2 cm In 
blood column. A 20 jmge needle, B, la dosed at tip by silver eoirler, ud lumen 
■bore opcoed by filing through well. Sleeve of fine rubber tubing la fitted to meVw * 
Bunsen valve after needle hu been thrust through a rubber vial ^topper, C, which 
oloeee one arm of a T-tube connecting to a meter. 

True flow is further overestimated when too large or too small bubbles 
are used: the former presumably reduoe total viscous frictional resis- 
tance; the latter appear to center themselves in the tip of the velocity 
profile and so gain a little on mean velocity. Thus, to allow the bubble to 
orient itself, the starting mark is placed a fair distance downstream from 
the bubble Injector. As standard practice, a bubble making a clean gap of 
1-2 cm is secured by means of the apparatus shown in Figure 7. 

Whereas deviation from true flow may bo corrected by an appropriate 
calibration chart, there is no way of compensating for premure loos. 
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which wrrr prolwbly negligible (ride *ujtth), Obvloudy a comprombc 
nu^t 1k> made Ix'twtm comjinrtnra* and prt^tirr lo*.< from curved chan- 
nels. 

Meter, cnnnulno ninl connection* should Ik» designed with tifanl for 
the fact tlint prrjwtirr* It**** at l«m<ls is least wlten: (a) ratio of radios of 
the IhikI to radius of Mil* is Mnrni 5 and 10 or, Mter, greater than 30; 
(f>) tlio angle through which tlie !x*nd Is carried is minimal— Init total 
curvature (up to 00* 7 ) should lx* continuous rather than llwsum of m* 
era! discrete (tend*; (c) velocity of flow i< Jrasi, 

tf COHOS 



Fio. 0. — Calibration enrro for mrtrr In Flruro 1. Deviation from tree b ihown 
by diTtrjrmce of rarm J and t from utralahl line » toping at •45*. Curm 1 wa* ab* 
talned rain* water and curve t u*bi* blood at 4.95 reiatirr rbeority, both at 24 C. 
Troo flow wu measured by collection of effluent. Beale at top b tranrit time of a 
bubble at flow* below. 

In conformity with FolaouiUo’a law, pressure low across the meter 
varies directly with relative viscosit}' over its useful flow range. Since 
blood viscosity varies in different animals and may change during an ex- 
periment, it may be desirable to estimate concomitant changes of pres- 
sure loss. This is accomplished with reasonable accuracy by charting (for 
a given meter) pressure loss against relative viscosity and/or water at 
specified temperature: fractional changes of relative viscosity induce 
proportional changes in pressure loss. Measurement of blood specific 
gravity or a hematocrit reading is reasonably satisfactory for checking 
viscosity if viscosimeters are not available. On the other hand, an in- 
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quickly dipp ing in a cannula. The preferred cannula for this ia made of 
thin silver tubing with a fine rolled-in groove. With practice, cannulation 
takes 15-30 eec, hardly enough to produce significant vascular reactions 
or tissue damage. On the other hand, some 3-8 min ia required to inter- 
calate a meter in a vessel, and such a connection Is avoided because of 
probable tissue damage, regardless of presence of a collateral circulation. 

Deviation from true flow and the amount of pressure loss in the meter 
may be obtained by in vitro calibration ; with each meter assembled as it 
is to be used and connected to a perfusion system, one measures simul- 
taneously the time a! bubble transit and the volume discharged per unit 
time into a volumetric flask or accurate graduate. Blood is preferred for 
calibration, but solutions having a relative viscosity of 4-5 may be sub- 
stituted. Since calibration values on pulsatile Aowb produced by a wide 
rango of pulse rates and stroke volumes fit perfectly on a curve con- 
structed from steady flow data, an elaborate artificial circulation ia un- 
noooaary. Pressure lose determinations may be carried out at the same 
time. Carefully machined pairs of brass T-tubes larger in caliber than the 
rest erf the system are inserted prarimaHy or distaUy to the cannulae de- 
pending, respectively, on whether only the meter or the total pressure loss 
is desired. The ride tubes of these inserts connect by liquid columns to 
paired mercury manometers or other type of manostat. Lom of pressure 
at a given flow is the difference between the net pressure changes of the 
two manometers, taking sero flow as the point of reference. Alternatively, 
if pairs of inserts, liquid oolumna and manometers are carefully matched 
to eliminate extraneous hydrostatic forces, the pressure difference may be 
read directly; this can be used in vivo. Differential manometers are still 
mare convenient and may be used to determine pressure loss throughout 
an experiment. It is worth recalling that pressure just beyond the tip of 
the exit cannula, and not the systemic mean blood pressure, b the true 
perfusing pressure. 

Critique . — It is impossible to make a dogmatic statement concerning 
over-all accuracy of the method. The following estimates are from data 
cf experiments where the flow might be expected to remain constant: 
with slow flows, total error was 1-2 per cent; with moderate flows 2-4 per 
cent, and with fast flows 2-8 per cent In a controlled circulation schema 
the variation in a series cf readings was *2 per cent until the time of 
transit of a bubble became le« than about 8 see, whereupon the variation 
increased sometimes to ***5 per cent. 

Various refinements have been considered; a few have been invwth 
gated, but discarded. The special virtue of the bubble meter lies in its 
ruggedness, simplicity and freedom from maintenance of adjustments. 

A properly calibrated instrument will provide absolute flow data, with 
an estimated error of rarely more than 6 per cent. Flow through the 
meter entails some presume loss, but this may be kept to a reasonable 
minimum by designing the meter for the flow to be studied with regard 
for certain principles of hydraulics. 



mi«\n ituw m.coiiurua 

Tliw two tend to counteract or compensate each other to vivo, but the 
rrmiltnnt cannot jimlided. It Is preferable, tljerefore, (o u*? a meter 
of mich volume Hint tiro fasted flow stall not tnkn \w tian about 10 ree 
lx*twcm mark*. This avoids the range at which errors and losrcs become 
W'rioun. In addition, the personal rmir in timing transit of a bubble be- 
comes more significant with tta stouter interval*. The chronometer of 
choice is a C or GO rp»> synehnmom electric timer activated by a toggle 
twitch; n signal magnet activated simultaneously talps co-ordinate flow 
changes with time and nthrr dnta on the reeord. Clianges of flow occur- 
ring whilo n bubble Li in llm mrtrr ore obvious to the rye and make an 
indelible Impression In teaching demonstrations. 

rnoci:r)vnr. 

To select and design a meter for a particular vascular lied, estimate the 
maximal flow per minute to be encountered and take one-rixth, or 
roughly 1C per cent, as tho volume to be Included between marks on the 
measuring tube. Tills volume of water U placed as a continuous column 
in glass tubing of suitable dtamctcT (ride rupro) and temporary marks to- 
scrilvcd. TIkj marked-off length, with n few extra centimeters at each end, 
Is then worked to desired form. Although the coiled shapes provide great- 
est compactness, pressure loss Is least with some variation of the simple, 
elongated U-stapc. A continuous circular shape, if tho radius is large, oc- 
casions only slight loss, but tho form is clumsy and difficult to Ct into a. 
water jacket. Necessary lx*nds in tho meter or cannulao should be 
smooth, perfect in cross-section and conform to the relationship already 
noted. Vertical bends should Iks avoided, *inco bubbles tend to climb to- 
ward or hang at high points under certain conditions. Tho meter should 
bo clamped In tho horizontal position. Before it is encased in its water 
jacket the marks aro made permanent and the volume (walls wet but 
thoroughly drained) Is carrfully determined by water run in from an ac- 
curate buret. 

Tho meter and other glass parts aro kept dean by diehromnto solution, 
traces of which aro removed by sucking through quantities of NaHCOi 
solution. Final assembly is cleaned by drawing through distilled water 
and stcrilo saline. Glaas-to-glaaa connections are made where possible, 
using tho highest grado of heavy- walled pure gum rubber; it is carefully 
d caned and dried following use. Tho importance of this cl eanin g and rins- 
ing routine can hardly bo overemphasized. Fibrin or platdet deposition 
in tho tubing 1ms not been encountered using 300 Toronto units/kg/hr 
of heparin (Abbott) intravenously. 

It Is desirable, when possible, to bridge the meter between a large 
supplying artery and tbo stump of a largo branch of the artery under 
study. Tbo motor then is filled from both ends and the blood supply 
routed through tho meter by ligating tho recipient proximal to the c&nnu- 
lated branch. If there are no branches, as with tbo renal artery, the meter 
Is first filled from the donor vessel and damped in correct podticn far 
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quickly slipping in a cannula. The preferred cannula for thin is made of 
thin diver tubing with a fine rolled-in groove. With practice, cannulation 
takes 16-30 sec, hardly enough to produce significant vascular reactions 
or tissue damage. On the other hand, some 3-8 min is required to inter- 
calate a meter in a ves s e l, and such a connection is avoided because of 
probable tissue damage, regardless of presence of a collateral circulation. 

Deviation from true flow and the amount of pressure loss in the meter 
may be obtained by in vitro calibration ; with each meter assembled as it 
is to be used and connected to a p^erfuaion system, one measures elmul- 
tacoously the tim e of bubble transit and the volume discharged per unit 
time into a volumetric fiaak or accurate graduate. Blood is preferred for 
calibration, but solutions having a relative visooeity of 4-6 may be sub- 
stituted. Since calibration values on pulsatile flows produced by a wide 
range of pulse rates and stroke volumes fit perfectly on a curve con- 
structed from steady flow data, an elaborate artificial circulation is un- 
necessary. Pressure loss dete rmina tions may be earned out at the name 
time. Carefully machined pj&iis of brass T-tubee larger in caliber than the 
rest of the system are inserted proiimally or distally to the cannulao do- 
pec ding, respectively, on whether only the meter or the total preeeure loss 
is desired. The si do tubee of theeo Inserts connect by liquid columns to 
paired mercury manometers or other type of manoetat. Loas of pressure 
at a given flow ia the difference between the net pressure change® of tho 
two manometers, taking xero flow as the point of reference. Alternatively, 
if pairs of msarts, liquid columns and manometers axe carefully matched 
to eliminate extraneous hydrostatic force*, the pleasure difference may be 
read directly; this can be used in vivo. Differential manometers are still 
mean convenient and may be used to determine procure loss throughout 
an experiment. It is worth recalling that pleasure just beyond the tip of 
the exit cannula, and not the systemic mean blood pressure, ia the true 
perfusing prewure. 

Critique . — It is impossible to make a dogmatic statement concerning 
over-all accuracy of the method. The following estimates are from data 
of experiments where the flow might be expected to remain constant: 
with slow flows, total error was 1-2 p>er cent; with moderate flows 2-4 per 
cant, and with fast flows 2-8 per oent. In a controlled circulation schema 
the variation in a series of readings was *2 per cent until the time of 
transit of a bubble became less than about 8 sec, whereupon the variation 
increased sometimes to *5 per cent. 

Various refinements have been considered; a few have been investi- 
gated, but discarded. The spjeoal virtue of the bubble meter Ilea in its 
ruggedness, simplicity and freedom from maintenance of adjustments. 

A prop erly calibrated instrument will provide absolute flow data, with 
an estimated error of rarely more than 5 per cent. Flow through the 
meter entails some pressure loss, but this may be kept to a reasonable 
minimum by designing the meter for the flow to be studied with regard 
for certain principles of hydraulics. 
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Tlic^o two tend to counteract or compcrwite racli other in vivo, but the 
resultant cannot Ik* predicted. It to preferable, tlmcforr, to u« a meter 
rd such volumo tliat the frvwtr^-t flow' t>hnU not take !rf.*i than about 10 i*c 
I >ct ween mark*. This avoid* tho ranp* at wlurb errors and Iowa become 
N'rious. In addition, tho personal error In liming inuunt of a bubble be- 
comes more significant tviih tlie slmrtrr interval*. The chronometer of 
choice to a 0 or GO rpm synchronous electric timer activated !»y a toggle 
switch; a signal magnet activated simultaneously Iwlpi co-ordinate Cow 
clmngcs with time and nthrr <totn on tlw record. Changes of (Iw occur- 
ring whllo a bubble Is in 11m- meter are obvious tn the rye and make an 
indelible irnprer.don In trashing dciimtntratlnn<i. 

vnocr.nvm: 

To select and dcrJgn a meter for n particular vascular bed, estimate the 
maximal flow per minute to be encountered and take one-firth, or 
roughly 16 per cent, ns the volumo to !>e included between marks on the 
measuring tube. Tills volume of water to placed as a continuous column 
in glass tubing of suitable diameter (ride tuTmi) and temporary marts in- 
scribed. TIk; marked -o(T length, with a few extra centimeters at each end, 
to then worked to desired form. Although the colled shape* provido great- 
est comjiactnei's, pressure loss to least with some variation of the simple, 
elongated U-flwpo. A continuous circular shape, if tlw radius to large, oc- 
casions only slight loss, but the form to clumsy and difficult to fit into a. 
water jacket. Necessary bonds In tho meter or cannulac should be 
smooth, perfect in crow-scction and conform to tho relationship already 
noted. Vertical bends slmuld bo avoided, sine© bubbles tend to climb to- 
ward or hang at high points under certain conditions. Tbo meter iboold 
bo clamped in tho horizontal position. Before ft to encased in its water 
Jacket tho marks are mode permanent and tho volumo (walls wet but 
thoroughly drained) is carefully determined by water run In from an ac- 
curate buret, 

Tho meter and other glass parts oro kept clean by di chromate solution, 
traces of which are removed by sucking through quantities of NaHCOi 
solution. Final assembly to cleaned by drawing through distilled water 
and sterile saline. Glass-to-glasa connections are made where possible, 
using tho highest grado of heavy -walled pure gum rubber; it to carefully 
cleaned and dried following use. Tho iraportanco of this cleaning and rins- 
ing routine can hardly bo overemphasized. Fibrin or platelet deposition 
in tho tubing has not been encountered using 300 Toronto umts/kg/hr 
of heparin (Abbott) intravenously. 

It Is desirable, when possible, to bridge tho meter between a large 
supplying artery and tbo stump of a largo branch of the artery under 
study. Tho meter then to filled from both ends and the blood supply 
routed through the meter by ligating tho recipient proximal to the cannu- 
latod branch. If there are no branches, as with the renal artery , the meter 
is first filled from tho donor vessel and clamped In correct position for 
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IV. Thermo stromuhr 

DONALD E. GREGG. Fori Knox, Ky. 

The therm ostromuhr is a device to measure rate of mean blood flow. 
The earlier high frequency current models (2, 6, 8, 9) have been replaced 
in part by direct current types (1, 4, 10, 11). The advantage of the in- 
strument is that it can be applied to unopened vessels of animals and 
readings taken as desired in the unanesthetixed state. 

IVmciple . — When a circuit is formed of two wires of different metals 
and one of their junctions is at a higher temperature than tbo other, an 
emf is produced in the circuit. In practical application of this principle to 
a flow meter, a heating element and two thermo junctions are mounted 
either in a rigid insulating sleeve snugly fitted to an unopened blood 
vessel or in a cannula inserted between the cut ends of the vessel. Tho 
thermojunctions (upstream or cold, and downstream or hot) are placed, 
respectively, above and below tbe heater, or the downstream junction is 
attached to tbo beater. The rate of blood flow is related to the differential 
temperature of the two junctions. 

The mechanism whereby changes in differential temperature of tho 
thermal junctions reflect changes in flow has been partially elucidated. 
In the type of tbennoetromuhr (Fig. 1) in which tbe cold and hot junc- 
tions are mounted with the heater in the same insulating block (1, 2, 11), 
both junctions are beated by the heater largely through the block and are 
hotter than the passing fluid; hence the differential temperature of the 
two junctions is determined by tbe respective rates at which they are 
cooled by the pssring fluid (10, 13). In types (F gs. 2, 3) in which the cold 
junction is mounted separately from the hot junction and heater (4, 10), 
the cold junction and incoming fluid are presumably more nearly of the 
same temperature and the hot junction records all or a constant propor- 
tion of the temperature rise sustained by tbo fluid as it peases the heater. 
In either instance, since tho cross-section of the vessel is held constant, 
the volume of flow is related to the differential temperature of the two 
junctions, provided environmental factors do not alter this relationship. 

APPARATUS 

Only direct current models ore considered here. 

The Balden and Herrick unit (1) consists of a thin cuff of bakelitc about 
1 cm long which fits snugly on a blow! vessel and on tiro inner walls of 
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Comment by Hiram /*. i.'w 

Tht* 1* on rtrrllrnt presentation of tl** bubMc flow meter, IfiHnding lb** fnml 
nUtement of It* xhortrcimlnc* a* n fll a* It* advantage*. The nrer*»Ily for rural 
»r»**tKo«la for rnnmitntlnn of (ho Mo** I vr**-e! And u«o of antWnruIanti prrioudy 
limits It* usefulness, It* Advantage over tlx* l.ud* Ig Mnnnuhr and ilmJlar meth- 
od* rrsidrt In It* greater n**- nf op^rntlon. T1u* greatest disadvantage, In our 
hand*, wa* the rfecrvav In Mw»l flow with time In l/x* ali*encr of Any apparent 
cliango In dynamic* of the Animal'* rirrulatlon. Tlx* flow km rhararleridlndly 
rapid ami • month Initially, Irut After 1S*»T0 rain of oj*ratlon tlwre wa* » decided 
(Irrmv In flow rate ami rlianct* from a smooth to a ferity or puMtfIe How. TH* 
*n* tnir In the prrvnre nf mom than tlx* amount of bepnrin rrrotntmvM. 
Cleft nine of tlx* flow meter resulted In improved firm' for 10-20 min, n-ftrr which 
ri decided dretrn*r In rate rrenrrrd. To reduce to a minimum fibrin formation cm 
tlx* wnlN nf thr gU«* tubing, the wall* arm mated with dlscone or the* Dow 
meter wa* made c*f polythene tuln’nc. liven wt, the ilIfTirttlly perd«te<L Dr. 
limner does not state whether hr h»* ol^v-nml a decrvnwd flow a* thr experi- 
ment I* continued. Till* result may havr Iwen peculiar to our cot-tip, or hi* oM 
cervntkm* may li*w* Ixvn ronflned to a short jxriod *ul»*r<jurnt to placing tlw 
flow roefrr In circuit. One mrt*t ron*bIcr l*>th tlx* go**! oral tlw l«ad feature* of a 
method, af«I if thr at Iran tap ex do not outnrlxU thr dlodrantagrx, it would hr 
Inadvisable tn etn|ib>y tiro mrllKxl In a pro*i>cctive Investigation. 

There I* a tendency to A«*unw that tlx» »btn obtained with n glvm me thn*| of 
measuring Idcxxl flow reprr-ont. within n certain percentage of error, tlx* oral 
flow or tlx' flow In tlx* rmrl when thr flow meter I* not prt"*cnt. Actually, the 
only rertalnty I* Uiat one I* mra*urinc thr fl<nv that pave* through thr in>tru- 
mrnt. At Ix^t, data cm tlx* flow of Mood hy ony ovallahlr method are only an 
approximation of tlte Inn* flow. 

Thor remark* nit* intrnded not to dl*roumRr thr u*r of thl* cUrtvt method 
hut rntitrr to Imfirato that crrtaln di/fietdlir* ranv lx* expected. Dvratually a 
i nr tlx* I may Ik* developed that will liavc a minimum of disadvantages. Tlx* heat 
metlHxl of measuring Mood flow I* yet to hr dcvi*ed. 

Comment by Harold D. Grrrn 

In our hand*, jrrwure drop vx. flow through rannulao ha* Iwm more nearly 
paralxJlc, thr linen lioramtng progrcwivrly more nearly parallel to tlte prr^mrr 
axi* ax rato of fhne Idctoow, rather than acoiralng a at might line eueh m ia 
xhown for curvea 1 and t In Figure 4. 

Stohle (J. Pliannacol. Flxpor. Thrrup. -10: -471, 1032) cfc*crihed a method fn 
which a bubble of tolufdlnc. colored with kxline, moves across a horiiontal tube 
j>lneed In front of crosr-wtkin pnper. Mcrvcment of the drop Is recorded with a 
motion picture camera. This arrangement allow* measurement of both "Instan- 
taneous” and total flow. 
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the hoi junction lies uncovered at the downstream end of a aomicyUndri- 
cal pinto of RivPr QJ20 in. long and 0.0016 teu thick. Under this pkto, and 
insulated from it by a thin layer of mica, lies a atrip of nichrome about 
0.040 in. wide, 0.0018 in- thick and 0.20 in. long; to H copper leads carry 
the current from a 8 v storage battery through a rheostat and ammeter. 
The thmrtocrrtipio lead wires are of silver and connected to a moving coil 
galvanometer with & suitable dry cell potentiometer system to permit 
convenient setting of the galvanometer image on the scale. When a blood 
vessel is placed in the unit and the silver plate is heated by passing a suit- 



able current (2-2,5 amp) through the nichrome strip, the extent to which 
the silver plate is cooled by the blood stream varies directly with the vol- 
ume of blood flow. 

In the thermoetromuhr of Bennett, Sweet and Bassett (4), therm ex- 
junctions and heater are mounted in a cannula onto which the severed 
blood vessel is tied and through which passage of blood cods a heated 
thermoj unction mounted on the end of a spicule projecting into the lu- 
men of the device (Fig. 3). This has been used only in anesthetiied ani- 
mals whose blood has been rendered noncoaguloble. The hot and oold 
j auctions are made of copper-constaatan or chromel-cocstantan (0.0015 
or 0.003 1 in. diameter) . Under the hot junction is a nichrome wire (0.0016 
In. X 0.080 in. long) soldered at its midpoint to the hot junction. The 
two thermocouple wires and the two portions of the nichrome heater on 
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which lie a healing unit ami tlicrmnjunetlofn (Hu. 1). The limting unit U 
nuvdo of no. 30 or 38 nirhnmw wire, rolled to n riMton 0.030-0.020 in, 
wide. This Li folded nnd Its two etuis soldered to no. 3S copper wires, re- 
sistance of the loop being at least 1 ohm. Thcrmoj unctions are made by 
soldering copper wire* (0.0010 In.) to n constantnn wire (0.002 in.) which 
Is embedded in a Imkclito groove, and each is ptaced 1 J2 times the Internal 
diameter of the cuff from the heater. The heating unit and thrrmo- 
junrtlcms are secured by several applications of haltfUic lacquer* and 
the copper wires of l»oth nre soldered to Imddrd copper wires (17 strnntb 
0.003 in. tinned copper). The Irmidcd lead wires arr inserted through rul>- 
l*er tuMng nnd fixed with lacquer in tls? l»akrlitr Mock.* Tlie heater is 



Fin. 1. — Direct current tbcrmoetroimihr of Balde* and Herrick, 


connected to an electric circuit containing a 2 v storage cell, a variable 
resistance nnd a milUammoter capable of indicating currents up to 500 
ma. The tlicrmocouplo is connected directly to a moving coil galvanom- 
eter, suitablo characteristics being one with a low cod resistance and sen- 
sitivity of 0.5 X 10 _ * v/mra for a scalo dlstanco of 1 m. In uso the unit 
is placed on an unopened vessel of an anesthetired animal, tho slit 
through which tho blood vessel enters tho unit is closed by a bakclite cap. 
tho ovorlying tissue is replaced and tho incision closed. It can bo steri- 
lised and used in chronic experiments. 

In tho device of Schmidt and his co-workcra, the thermojonotions are 
of silver-oonstantan, and cither or both ora placed in a bokclite block (11) 
or the upstream junction Is Incorporated in a split silver ring attached to 
the bakclite block only by no. 30 silver and constantan wires 0.20 in. long 
covered with woven fabric Insulating tubes (10) (Fig. 2). In both types, 


* Bul*tJtutk» of b*keUle Uxnu*r XV-14463 U the iMutotto* eomini and of 8-10 
*tr*ad« BO. 16 or 57 iIItct wtr* for Uad wirr« rodoc** ooo*Jd*rabJy th* 

nnd difficult!** with th« tmlt to ehronJe «rperltnmt*. 
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the hot junction lies uncovered at the downstream end of a semicylin dri- 
ed plato of silver 0.20 in. long and 0.0010 in. thick. Under this plate, and 
insulated from it by a thin layer of mica, lies a strip of nichrome about 
0.040 in. wide, 0.0016 in. thick and 0.20 in. long; to it copper leads carry 
the current from a 6 v storage battery through a rheostat and ammeter. 
The thermocouple lead wires are of silver and connected to a moving ooil 
galvanometer with a suitablo dry cell potentiometer system to permit 
convenient setting of tho galvanometer image on the scale. When ft blood 
vessel is placed in the unit and the silver plate is heated by passing a suit- 



Fia. 2, — Direct c ur len t thermnstromnhr. (Modified from Bchmldt and Walker, 
P nx mdin gi of Society for Experimental Biology and Medicine.) 

able current (2-2.6 amp) through the nichrome strip, the extent to whioh 
the silver plate is cooled by the blood stream varies directly with the vol- 
ume of blood flow. 

In the therm oetromuhr of Bennett, Sweet and Bassett (4), thermo- 
junctions and heater are mounted in a cannula onto which the severed 
blood vessel is tied and through whioh passage of blood cools a heated 
thermo j un cti on mounted on the end of a spicule projecting into the lu- 
men of the device (Fig. 3). This has been used only in anesthetiied ani- 
mals whose blood has been rendered noncoagulable. The hot and cold 
junctions are made of copper -constantan or chromel-ccmfltanian (0.0016 
or 0.0031 in. diameter). Under the hot junction is a nichrome wire (0.0016 
in. X 0.080 in. long) soldered at its midpoint to the hot junction. The 
two thermocouple wires and the two portions of the nichrome heater on 
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mcli kUIo of tlm hot jtinrtitin arc folded back to form fl pyramid with the 
junction at tlm t»pcx; tlm two wires at tlm cold junction arc similarly 
fashioned Into n compart tip. Tim hot and fold lips nm then mounted 
within nnd on opjKwite sides of n metal or luritr cannula with tlm cold 
junction n.010 0.1 GO in. ii|Htntun; each tip in in a Me drilled through 
tlm wall of the canntjln with tlm actual thermal junctions projecting 
equally nlKMtt one third of tlm diameter into tlm lumen of the cannula- 
The hut junction Is covered with lrakrlite containing jx>wderrd quart* 
und thetwoti|HArf>fustme<! in place and insulated with bakrlite lacquer 
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which also provides a continuous plastic lining to the cannula. The no. 
28 copper lead wires pas* outsido the cannula. They arc enclosed in stiff 
insulation for about 1 in. from the cannula and are then spiraled loosely 
around a steel stay wire (not shown) which, in turn, is looped around and 
soldered to the cannula- Tbo lead wires are jacketed with plastic tubing. 
All wires are anchored and separated from cannula, stay wire and each 
other with bakollte lacquor. The thermocouple leads connect In series 
with a moving coil galvanometer, resistors equivalent to the critical 
damping resistance of tho galvanometer and a suitable compensating po- 
tentiometer system to compensate for stray currents in the circuit and 
shifts in zero point. The relatively large basic galvanometric deflection in 
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tlm thmimcmiple circuit resulting from hearing of the hot junction is 
balanced l out liy n jKitcntlomHrr In prrvn with n 2 v storage celt The 
liroter wires nrn connected In perirw with rheostat, ammeter and storage 
lottery. 

CAU/WAT/OX 

1M(kkI flow valuta nrv determined liy applying « calibration curve to 
tlie (Irfloctiona nf the galvanometer iw recorded during an experiment 
An In vitro calibration U obtained liy perfuring blood (rendered non- 
coagtilnble) in n gravity or jntmp system through the cannula typo of 
thrnwMtromuhr or through an isolated segment of blood vessel to wliich 
n tljcrmceitromuhr U snugly fitted. Flow is measured In a graduate or by 
a rotameter (7, 12) In tine circuit. At the rlrwe of an experiment, calibra- 
tion can Ik* made in vivo by mean* of n rotameter or otlwT acceptable 
metering device inserted into the vr-sel distal to the thennmtromuhrand 
with flow adjusted to various rates \ty a pcrcw clamp (pee p. 00). 

Critique . — Tesla In vitro and in vivo have revealed serious deficiencies 
in application of this thermal principle to measurement of blood flow 
(3, 4, 0, 10, 13, 14). Several external and internal environmental factor* 
other than rate of blood flow Influence significantly and unprcdictahly 
the empiric flow readings by altering relative rates of heat lo*s to tie en- 
vironment at the two junctions or heat distribution between the junc- 
tions. These basic limiting factors Inefudo the artery used, nngulation of 
the unit with respect to the artery, movements of intrn- and extra- 
vascular fluid near tbo unit, lack of linearity between temperature 
changes witliln unit and blood flow, changes in blood temperature, un- 
erven temperature in various parts of the blood stream, occurrence of 
backflow within the flow pattern. The amount of lackflow In the flow 
pattern is particularly Important since tho flow pattern in most arteries 
either normally contains backflow or it can be induced, and the instru- 
ment is so sensitivo that such a chan go can cause tho device to indicate 
Incorrectly tho directional cliango In flow. Although in some models 
errors have been reduced by various expedients, such as separation of the 
cold junction from tbo rest of tho unit (10) or placement of thermocouples 
cflrcctly In the flowing stream (4), most of tho basic errors remain. Be- 
cause of this, tho conclusion is reached that such a thermal method in its 
present stato of development is unsatisfactory for measuring blood flow. 

Comment by Carl F. Schmidt 

Tho thennoetromuhr has a seductive appeal to physiologists because It i* 
reputed to poescs* tho following unique attributes: (a) accurate, quantitative 
measurement of volume of blood flowing through an artery or vein; (6) avoidance 
of anesthetics, anticoagulants, extra vascular diversion of blood or other depar- 
tores from the normal state; (c) continuous estimation of blood flow under either 
steady state or rapidly changing condition*; (d) simultaneous measurement of 
flow in several different vessels. Any one of these would entitle the method to 
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careful consideration; the combination is un equaled by any existing method or, 
indeed, any combination of other methods. 

It is disappointing to have to admit that the the rmostrom ohr is unreliable 
quantitatively and fa not even entirely dependable qualitatively. This conciu- 
don has been forced on all who have made a systematic attempt at in vivo cali- 
bration of the instrument (4, 0, 10, 13). The fundamental difficulty is that dif- 
ference In temporattxro between the thermal Junctions depends on the algebraic 
nun of a number of different variable*, of which blood flow through the contigu- 
ous re*»d is only one, and not always the dominant one. Some of these variables 
havo been identified and evaluated by Gregg and his co-workers (0). There 
probably are other*. For example, It would bo remarkable if conduction of heat 
through an artery in vivo, with its wall supplied with blood carriod through 
rasa vasorum, would be even approximately similar to that through an excised 
artery in which flow through vaaa vasorum is precluded by eannulae tied at its 
two ends for a perfugion calibration Id vitro. Conduction of beat from the bake- 
11 te block of the therm cetromuhr to the tissue* with which it is in contact also 
may be entirely different in vivo and in vitro. The conclusion is Inescapable that 
tl» only acceptable calibration of a tberroostromuhr la one mado under condi- 
tions that do not differ in any important respect from tboeo under which the ex- 
perimental observations mare carried out. Such eaiilirations are practicable only 
in a few regions, one of the best being the kidney. Any experimenter who plans 
to use tlw thermos tromuhr would do well to oarry out a set of in vivo calibra- 
tions on the renal circulation before he commits hi mad f to the vagaries of the 
Instrument 

Comment try Harold D. Orton 

An additional reference is Tvede-Jaeobscn, J. K. : Method of determining the 
quantity of beet evolved on the complex resistance in an dement of the blood- 
flowmeter {" thermos trout ahr") after Rein, Acta phyikd. Bcandlnav. 2: 249, 

mi. 
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V. Rotameter 

It. II SHIPLEY, IruiianapolU Gexrrml Iltpiial 


Tho rotameter (6) is useful in physiologic studies requiring measure- 
ment of mean blood flow in cither arteries or veins (2-4, 0, 7, 9, 10). The 
method is simplo and accurate and permits continuous observation of 
changes in flow from moment to moment. 

APPARATUS 

In its simplest form tho rotameter consists of a vertical transparent 
tube with tapered boro (Fig. 1, A). In the tube Is a small, freely movable 
float which rests on a stop at the bottom when no fluid is passing through 
the rotametor. With upward flow through tho tube tho float is lifted by 
the stream until it reaches a height determined by a balance of the down- 
ward force (weight of float minus weight of displaced fluid) and the up- 
ward force (pressure drop across float times maximal cross-sectional area 
of float). If tho flow is then increased the balance is disrupted and the 
float rises to ft new level, at which position tho annular orifice is just large 
enough to reduce the pressure drop across the float to that existing at the 
previous flow level 

For notation of position of the float, millimeter graduations are marked 
on the rotameter tube. The instrument is calibrated by plotting height of 
the float against outflow as measured with a graduate and stop watch. 

Theoretically, vertical displacement of the float would vary linearly 
with the rate of flow if it were not for viscosity effects. However, at the 
lower flow range the float is lifted a disproportionately greater amount 
than at the higher range, and the calibration curve is consequently non- 
linear (Tig. 1, B). Variations in viscosity of fluid being metered will in- 
duce corresponding variations in calibration. In physiologic use the rotam- 
eter should be calibrated for each experiment and at least several 
points checked daring an experiment if tho conditions imposed arc sus- 
pected of causing hemoconoentration or hemodUntion. 

Essential steps far construction of the simplest form of rotameter fol- 
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low.* A cylindrical piece of lucito or other transparent plastic is drilled 
through tho center, with care to avoid overheating of tho drill and conse- 
quent crocking of the lucltc. Tho hole is reamed through its entire length 
by hand, using a standard taper pin roomer, tho end of which is slightiy 
larger than tho drilled hole. Removable inlet and outlet fittings (see Fig. 
1) arc mado from a nonrusting metal. Tho float, turned on n Lath© to tho 
shape approximating that in Figure 1, may bo made of any nonrusting 
metal, or of plastic if extreme sensitivity is desired. The greatest diam- 
eter (top) of the float is 0.001-0.002 in. less than tho internal diameter of 
the ludte tubo opposite the position tho float will occupy when it rests 
an the bottom fitting (zero flow position). 



Design and construction of the rotameter will vary according to sensi- 
tivity desired and range of flow to be covered. By making the float of a 
heavy metal or by reducing its diameter, the same rotameter will have 
lass sensitivity but a greater flow capacity. (The latter modification, 
however, will not permit measurement of flow in the low range.) Greater 
sensitivity with small flow capacity may bo obtained by making the float 
of a light material such as aluminum, plastic, hard rubber, etc. 

Using the sarno principles, large rotameters capable of measuring car- 
diac output may be constructed (6). For measuring blood flow in the 
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vmrno cavao or other veins light floats and largo boro rotameter tabes are 
desirabio so that loss of pressure head and reduction in blood flow will be 
min knal. 

Critique . — For physiologic experiments tho rotameter has several ad- 
vantages over other instruments. It is simplo to construct, requires no 
adjustments and is easy to operate. It permits a direct, continuous objec- 
tive measurement of flow with an accuracy of *10 per cent. Calibration 
is not affected by c ha nges in flow pattern (phasic directional and velocity 
changes in flow pulse). In common with other direct methods for measur- 
ing flow, tho rotameter has the disadvantage of requiring that the blood 
vessel bo severed and cannulatcd. In addition, tho animal's blood must be 
rendered noncoagulablc. If too littlo anticoagulant is used, a fine deposi- 
tion of fibrin occasionally forms cm the rim of the float and the instrument 
may not correctly indicato actual flow. Presence of fibrin can be detected 
and such errors avoided if periodically the flow through tire rotameter Is 
temporarily interrupted and the float allowed to come to rest on the 
stop. If the float docs not fail completely to tho normal xero flow posi- 
tion, tho rotamotor should bo by-passod, tho float removed and cleaned. 

Modifications in design have been mado to permit continuous optical 
recording of tho flow (1, 8). Changes In vertical position of the Goat are 
detected by an induction mechanism, and by electronic amplification tho 
variations in flow are ultimately recorded by means of a light beam re- 
flected from the mirror of a galvanometer. Tho electrical unit has been 
simplified by omitting the amplifying system and employing more sensi- 
tive recording instruments (11). 

Comment bp Raymond P. AhlquiU 

The rotameter measures mean volume flow only. It should be apparent from 
the statement, “calibration is not affected by. changes in flow pattern (phase 
directional and velocity changes in flow pulse)/' that the rotameter in present 
forms cannot be used to measure these phasic changes. The slower the change 
in flow the more closely the rotameter follows true flow; conversely, the more 
rapid tho change in flow the loss faithful the rotameter record. This effect is doe 
to inertia of the flout and of the recording galvanometer in the optical recording 
rotameter. This is readily seen in arterial flow records when the heart rate is 
changed. "With a slow heart rate, excursions of the float ere wide, and with a 
rapid heart rate, much smaller. With a heart rate over 100 beats per minute the 
optical rotameter produces a line almost unmarked by phasic flow changes. * 

The rotameter win be used for measuring flows in other types of physiologic 
experiments. It is much more satisfactory than drop or “bucket" recorders for 
any flows which are not too small. It is conveniently used in porf woods ol iso- 
lated mamm alian heart and In heart-lung preparation*. 

In this laboratory it has been found convenient in some experiments to place 
a special bubble meter in series with tho rotameter to allow frequent standardfaa- 
tianfl of the rotameter. This bobble meter is an adaptation of the one described 
by Boekin et aL It is equipped with a manually operated reversing valve bo that 
only one air bubble fa needed. 
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Comment by Harold D. Orem 

I have been concerned about uso of tbo rotameter in measuring flow* which 
palate over a range from tc-ro to some figure, In the positive direction, feeling 
that the mean given by tho rotameter would probably diHer from the true mean 
by a significant figure owing to the nonlinearity of the calibration. 

Comment by Dr. Shipley 

The comments of Dr. Aldquiat ore quite right- The rotameter La obviously 
umuitablo for measuring pliasio changes in rate of flow. 

Tbo comment* concerning tho cfTc-cta of flow pattern clianges on the calibra- 
tion, I believe, are aniwored by tho experiments reported In our first pepor on 
the rotameter (6). n» Instrument was surprisingly InscnsiUvo to wide fluctua- 
tion* in flow pattern ami the calibration (using a pump system) remained almost 
identical to that obtained with nonpulsating flow. 

Further comment by Dr. Aklquitt 

I have recognized tho error of the rotameter at low flow rates and to hare kept 
out of that range if possible. I do not consider this error, howevor, to be duo to 
nonlinearity of calibration. In my experience, calibration is linear at low flow 
rates. Tilth sal I no solution, at least, It is an absolutely straight lino in this range. 
I consider the orror to be of structural origin. E.g., if a largo dose of epinephrine 
Is Injected into tl>e femoral artery during measurement of flow therein, the rotam- 
eter float pulsates from roro to some poritfr-o figure. Tbo backflow during dia- 
stole is not measured beenure construction of the rotameter prevent* this. 
Therefore I beGcvo tlw mean flow Indicated Is not the true mean flow chiefly 
because of Inability of the rotameter to measure backflow. In pharmacologic 
experiments I therefore adjust tbo dosage of vasoconstrictor* so that the flow 
is not diminished enough to cause the float to hit the bottom of the meter. 

The bubble motor also shares this error at low flow rates, but for a difforent 
reason. In tho same type of experiment a* that just described, oaoh pulsation 
forces a littlo blood post tho air bubble. This makes it appear in some cases that 
the mean flow is running backward. 

Although I have used only a rotameter or bubble meter, I bifleve <mly a Lud- 
wig stromuhr or an orifice meter can give accurate flow result* under these 
condition*. Hot wire flow meter* and thermostromuhra are undoubtedly in- 
accurate for flows pulsating from sero (or a backflow) to a positive flow. 
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venae cavae or other veins light floats and large bore rotameter tabes are 
desirable so that loss of pressure head and reduction in blood flow will be 
minimal. 

Critique . — For physiologic experiments the rotameter has several ad- 
vantages over other instruments. It is simple to construct, requires no 
adjustments and is easy to operate. It permits a direct, continuous objec- 
tive measurement of flow with an accuracy of * 10 per cent. Calibr ation 
is not affected by changes in flow pattern (phasic directional and velocity 
changes In flow pulse). In common with other direct methods for measur- 
ing flow, the rotameter has the disadvantage of requiring that the hlood 
vessel be severed and cannuiated. In addition, the animal's blood must be 
rendered noncoagulable, If too little anticoagulant is used, a fine deposi- 
tion of fibrin occasionally forms on the rim of the float and the instrument 
may not correctly indicate actual flow. Presence of fibrin can be detected 
and such errors avoided if periodically the flow through the rotameter is 
temporarily interrupted and the float allowed to come to rest on the 
stop. If the float does not fall completely to the normal sero flow posi- 
tion, the rotameter should be by-passed, the float removed and cleaned. 

Modifications in design have been made to permit continuous optical 
recording of the flow (1, 8). Changes in vertical position of the float arc 
detected by an induction mechanism, and by electronic amplification the 
variations in flow are ultimately recorded by means of a light beam re- 
flected from the mirror of a galvanometer. The electrical unit has been 
simplified by omitting the amplifying system and employing more sensi- 
tive recording instruments (11). 

Comment bp Raymond P. AhlqxdU 

Tl» rotameter measures mean velum© flow only. It should be apparent from 
the statement, “calibration is not affected by. changes in flow pattern (phasio 
directional and velocity changes in flow pulse),'’ that the rotameter in present 
forms cannot be used to measure these phasio changes. The slower the change 
in flow the more doeely the rotameter follows true flow; conversely, the more 
rapid the change in flow the less faithful the rotameter record. This effect U due 
to inertia of the float and of the recording galvanometer in the optical recording 
rotameter. This is readily seen in arterial flow records when the heart rate is 
changed. With a slow heart rate, excursions of the float are wide, and with a 
rapid heart rate, much smaller. With a heart rate over 100 beats per minute the 
optical rotameter produces a line almost unmarked by phasic flow changes. 

The rotameter con be used for measuring flows in other types of physiologic 
experiments. It is much more satisfactory' than drop or “bucket” recorders for 
any flows which are not too small. It Is conveniently used in perfusions of iso- 
lated mammalian heart and In heart-long preparations. 

In this laboratory It haa been found convenient in somo experiments to place 
a special bubble meter in serif* with the rotameter to allow frequent standard! ra- 
tio us of the rotameter. This babble meter is an adaptation of the one described • 
by Soskin rf aL It la equipped with a manually operated reversing valve »o that 
only one air babble is needed. 
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Comment by Harold D. Orcen 

I have been eoucemcd about uhj of the ro tame tor In measuring flow* which 
pulsate over a range from icro to some figure, in the positive direction, feeling 
that the mean given by the rotameter would probably differ from the true mean 
by a ilgnJficant figure owing to tlw nonlinearity of the calibration. 

Comment by Dr. Shipley 

The comments of Dr. AhlquLrt are quite right. The rotameter U obviously 
unsuitable for measuring phasic changes in rate of flow. 

The comments concerning tho effects of flow pattern clianges on tho calibra- 
tion, I believe, are answered by tho experiments reported in our first paper on 
the rotameter (6). Tlw instrument was surprisingly insensitive to wide fluctua- 
tions in flow pattern and tl« calibration (using a pump system) remained almost 
identical to that obtained with non pulsating flow. 

F urther comment by Dr. Ahhjuitt 

I have recognised tlw error of the rotameter at low flow rates and ao hare kept 
out of that range if possible. I do not consider this error, however, to bo doe to 
nonlinearity of calibration. In my experience, calibration is finoar at low flow 
rates. With saline solution, at least, it is an absolutely straight line in this range. 
I consider tho error to be of structural origin. ELg., if a large dose of epinephrine 
is injected Into the femoral artery during measurement of flow therein, the rotam- 
eter float pulsates from sera to some positive figure. The backflow daring dia- 
stole is not measured beenu'-o construction of the rotameter prevents this. 
Therefore I bcllcvo tlw mean flow indicated is not the true mean flow chiefly 
because of inability of tho rotameter to measure backflow. In pharmacologic 
experiments I therefore adjust tlie dosage of vasoconstrictors so that the flow 
is not diminished enough to cause tho float to hit the bottom of the meter. 

The babble meter also shares this error at low flow rates, bat for a different 
reason. In tho same type of experiment as that just described, each pulsation 
forces a little blood past the air bubble. Tills makes It appear in some eases that 
the mean flow is running backward. 

Although I have usod only a rotameter or bubble meter, I believe only a Lud- 
wig stromohr or on orifice meter can give accurate flow results under these 
conditions. Hot wire flow meters and thennostromuhrs aro undoubtedly In- 
accurate for flows pulsating from sero (or a backflow) to a positive flow. 
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PULSATILE FLOW METERS 

ir.vnoLD d. (inr.cs 

Meters capable of registering the instnntnnoous rote of flow arc neces- 
sary for determining the flow pattern in the aorta, arteries and central 
veins, for annlyxing factors affecting coronary blood and for studying 
effects of muscular contractions, sudden accelerations and other fleeting 
factors the effects of which occur within intervals shorter than those 
which con be accurately studied with mean flow meters. Suitablo meth- 
ods arc the differential manometer, magnetic flow meter (p. 108) and air 
expansion systems (p. 107). 

I. Differential Pressure Flow Meters 

Devices for water flow measurement are directly applicable to blood 
flow. In general, they nil involve the creation between two points in tho 
circuit of a pressure difference which beam a constant relationship to the 
volumetric rate of flow per minute. A wido variety of such meters have 
been described (2-0, 13, 14, 10, 20). 

The difference Id pressure may be created by a simple constriction, in 
which case the difference is due to frictional loss of energy as tho fluid 
flows through tho constriction (Fig. 1, A). The orifice, venturimeter and 
Pet6t tub© principles involve dovices which mate use of the velocity with 
which the fluid is flowing and, in general, causo less over-all loss of pres- 
sure bead than is the ease with simple frictional devices, sinoo pressure 
differences due to friction represent permanent loss of pressure energy, 
whereas 60 per cent or more of the pressure difference due to change of 
velocity may be regained. 

The tenhrrimrier (Fig. 1, B) determines the difference in lateral pres- 
sure between an upstream portion of the tube and a narrow portion 
downstream. The high velocity of flow through the downstream portion 
cauees diminution in lateral pressure at this point in comparison with 
that at the uj stream pressure point, which is approximately proportional 
to the square of tho volumetric rate of flow. Gradual widening of tho tubo 
distal to the point of narrowing causes restoration of most of tlte lateral 
pressure which was available abovo tbe point of narrowing (3, 20). 

The Petdi tube method (Fig. 1, C) involves insertion of one tubo in tho 
P a th of fluid flow, directed upstream, and another either flush with tho 
lateral wail or directed downstream. This method depends entirely on 
velocity of flow of fluid at the point of insertion (4, 14). 
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pulsatile flow meters 

. Vt” md °’ ®" 1 ®' *’ D ) de P end « OP measurement of the difference 
fa lateral prffisnre upstream and downstream from a point of narrowing. 
Narrowing of the stream is produced by causing the fluid to flow through 

^ plate pUccd 111 tto path of the steS 
TfZwori^ r’Tf " g !l U , y nflrrowEr ^ the general tube diameter 
nl. J??? t =P °f d^ofatial pressure, lateral plexometer openings are 
*?““{/» ^ upstream and downstream, respectively, from 

the onfice plate. The high velocity stream flowing through the See at- 


UPO DPO UPO 



Pio. 1.— Devlo* »»<I to geasmta » dlfferaitiM praams .Ush wfll tot with 
rate of flow. A, faction derice in which difference In unrtimm (UPO) and down- 
stream (DPO) lateral prowunw depends on frictional foes of merry in radon of 
constriction of the tube. B, reoturlmeter in which difference in lateral prararoi is 
doe to difference fo Tolodty of flow post the qpatream and dowMbrnm ptexometer 
oonnections. C. Petit tube dorice. D. oriura derico. Narrow lines repreaent path of 
flow of fluid through and beyond orifice OP. Because fluid continues to eonrerj® 
beyond the orifice, tbo effect! re orifice diameter is amaller than the « refil l po 
upstream and dowmtrram pfcaometer connections, which are most effect! rely placed 
one-half the tube diameter upstream and downstream from the orifice plate. 


tains a dlamotor slightly less than that of the orifice at the point */, tube 
diameter downstream from tho orifice, then gradually widens back to 
tulio diameter (Fig. 1, D). As a result of narrowing and acceleration the 
fluid at this point has a lateral pressure less than the upstream pressure 
bv an amount approximately proportional to the square of volumetric 
reto of fluid fl° w (I*)- 

Orifice and Petfit tube methods may la- utiliicd in pulsating streams, 
n when pulsation is such that the fluid reverses its direction of flera- 
, uriM .art of the cycle. The venturiraeter may be utUired for pulsating 
Hmrbut only provided pulsations occur In one direction without reversal 
Mflow at anv time during the cycle. fn our hands, tho Petflt tube Is leas 
rirf torr than the orifiee meter because of difliculty of construction, 
Mt rrence of vibrations apparently due In eddy eurTenta and dlflieolty of 
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obtain mg suitablo sensitivity and natural frequency. For these reasons 
re concentrated on tho orifice meter (11). 

a) Orifice mcier. — This lias the advantage over the other do vices men- 
tioned in that nny degree of sensitivity can bo conveniently obtained by 
varying tho site of the orifice. Two mothods accomplish this. One devised 
by Shipley cl aL (19) utiliies a sc row device which protrudes into tho lu- 
men, decreasing tho aixe of the tulx? between the piezometer openings. 



Fia. 2. — Contraction detail* for orifice plate meter and aaeociated differential 
manometer. OP, orifice plate; 0, orifice; PU, upatream, and PD, downstream ptexom- 
eter ocmneetkm*. S, abell to bold together oomponent part* of the orifice; alH in 
•bell to left of orifice plato la eo conatructod that by loosening cap on ahali the ailt 
can be slid orer orifice plate and plate lifted out without dhturbing poritlona of tobea 
connected with the pieiometer opening. B, baae of differential manometer; L, lena 
canted in a ball; C, cap which hold* ball in place. Lena aervraaa window of manom- 
eter. AT, mirror attached to rubber diaphragm of manometer. 

The other involves a convenient slot in the orifice meter assembly, 
whereby the orifice plate may be quickly removed and another with a 
different tlxe of orifice inserted (Fig, 2). The diameter of the meter tube is 
usually made to apprcnimste that of the lumen of the blood vessel in 
which flow Is to be measured. 

differential pressure of an orifice meter is equal to a constant ttmoa 
rate of flow plus another constant times the square of the rate of flow. 
The first power effect Is due to friction and is influenced by viscosity. It 
is most evident at low rates of flow. The second power effect is due to 
velocity and is little influenced by viscosity. The result of this dual effect 


PULSATILE FLOW METERS 

is seen in tho calibration plots (Fig. 3), demonstrating that at low rates of 
flow viscous effects are marked, blood gives a much greater deflection 
t han saline and the slope tends to be 1 : 1. At high rates of flow, however, 
the plot approaches a slope of 1:2 and blood and saline cause almost 
identical differences of pressure. 

One difficulty encountered with the small l>orc orifice plates is that a 
small coagulum, presumably of platelets, occurs In the orifice, narrowing 
the opening and progressively increasing sensitivity of the apparatus dnr- 



TiO. 3- — Calibration* for an ori fiee meter. Using aalbte mod blood mod two different 
oriffees. Dot-dash line. Ideal line representing relationship between flow (ordinate 
scale) and differential pressure*, La., deflection of recording beam (abadssal aeale). 
Solid lino, curve drawn fn attempt to match c bv r r ed points for blood. 


ing an experiment despite use of largo amounts of anticoagulants. To 
overcome this, tho apparatus should be constructed so that the orifice 
plate can be frequently cleaned, and spot calibrations at one or two rates 
of flow’ should bo taken not less than every ’/j hr. 

Figure 4 shows a typical assembly for using the orifice meter (see also 
Fig. 2, p. 121). The arrangements consist of a shunt whereby flow may be 
maintain ed when the orifice is being calibrated, and suitable connections 
for running blood through the orifice at varying rates and for collecting 
tho outflow in a graduate or other measuring device while recording the 
differential pressure so created (1). Since a given movement of the differ- 
ential recorder means a greater increment of flowaf low than at high rates 
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of flow, it is mandatory tlint frequent zero flow calibrations bo made 
throughout each experiment. Such calibrations require only 1-2 sec inter- 
ruption of flow and should Ik? made as often ns every .V10 min. 

h) Differential pressure manometers . — Tlic aforementioned donees rc- 
Quire a manometer which is insensitive to the absolute head of pressure 
but is highly sensitive to small differences in pressure between tbo two 
piexometer connections and lias a natural frequency of 2.1 .10 eycles/sec 
or better. 



Kid 4. — Amrably for u*mr the orifice meter for meMuring coronary blood flow. 
DM, differential manometer; Jfi. and A/., prewuro manometers (A/, can usually bo 
omitted)- St, stopcock for admitting blood from ft reservoir; Su stopcock for alio wing 
blood to flow out with a graduate for calibrating meter; Si and St, stopoocks for allow- 
j og bl ood dreulatlon to heart through ahont 8H while calibrating orluce; SC, cannula 
resorted In aubolarian artery; C, cannula Inacrted in diatal atump of coronary artery. 
(Reproduced by courtesy of American Iloarl Journal.) 


APPARATUS 


Such a manometer (11) is simply a rubber membrane* optical pressure 
manometer with a chombor surrounding tho front surface of the mem- 
brane for application of count erprossuro. Upstream lateral pressure from 
the orifice meter is directed against tho back side and downstream pres- 
sure against tho front side of the membrane. The membranes are con- 
tracted from 0.000 in. thick rubber membrane sheeting, stretched three 
to four times and tied over a hollow manometer tip approximately 4 mm 
in external diameter. A mirrorf is cemented at the appropriate point on 


Rubber mmbriDi 0.004-0.000 In U miMaetory. That which wo uao wu obtained 
trwn Am«rio*n Anode Company, Inc., Akron. O. Wben unmbM in tho nvHw tho 
ueoolly Urt *mr»J dxy» to ee-rorsl wooka, depending cc room Umpcitort. 
J Approx! mototy 0 X 0 mm nteeee cut from U. 8. Damon of Stend*rd» oortlfled count! nr 
«mr *Up*. OrUinsUy wo uwd rrsr-Rirfoaed rflTored mirrcco, tbo direr heinr 
Protected by ■ oarwing of tbo epedel edbeeti | At tho •asmwtion erf Dr. R. K. Hhirlrr 
»• no» u* frtmt-onriocod ohromhun-piotod mirror* prepared for no by EnoonW 
F 1 linoCorp. 1 4ie W.SUtoBU, Ithoc*, N. Y. 
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ia seen in the calibration plots (Fig. 3), demonstrating that at lore rates of 
flow viscous effects are marked, blood gives a much greater deflection 
than saline and the slope tends to be 1:1. At high rates of flow, however, 
the plot approaches a slope of 1:2 and blood and saline cause almost 
identical differences of pressure. 

One difficulty encountered with the small Imre orifice pbtes is that a 
small coagulum, presumably of platelets, occurs in the orifice, narrowing 
the opening and progressively increasing sensitivity of the apparatus dor- 



Fig. 3. — Calibration* for an orifira mater, axing *aline and blood and two different 
orifice*. Dot-daah Ena, ldr*l line representing relationship between flow (ordinate 
acale) and differential pressure*, La., deflection of recording beam (ubui.1— 1 »eale). 
Solid line, carve drawn in attempt to match obeerred paint* for blood. 

ing an experiment despite use of large amounts of anticoagulants. To 
overcome this, the apparatus should be constructed so that the orifice 
plate can be frequently cleaned, and spot calibrations at one or two rates 
of flow should be taken not less than every */* hr. 

Figure 4 shows a typical assembly far using the orifice meter (see also 
Fig* 2, p- 121). The arrangements consist of a shunt whereby flow may be 
maintained when the orifice is being calibrated, and suitable connections 
for running blood through the orifice at varying rates and for collecting 
the outflow in a graduate or other measuring device while recording the 
differential pressure so created (1). Since a given movement of the differ- 
ential recorder means a greater increment of flow at low than athighrates 




DirrrnnNTiAL rnnvriu: tlow 


10 ,’) 

of flow, it ia mandatory tlrnt frequent zero flow calibrations bo made 
throughout each experiment. Such calibrations require only 1-2 sec inter- 
ruption of flow and should be made ns often as every 5-10 min. 

6) Differential pressure manometers . — The aforementioned devices re- 
quire a manometer which is insensitive to the nbsoluto bend of pressure 
but is highly sensitive to small differences in pressure between tho two 
piezometer connections and lias n natural frequency of 25 50 ryeles/soc 
or better. 



Fla, 4. — Awcmbly for urinr the orifteo meter for meamring coronary blood flow. 
DM, difTertnUnl manometer; M and M%, prvman mono met era (Jf, can tmully be 
omitted) ‘St, »t opcode for admitting: blood from a raacrroLr; 3u atopcook for allowing 
Wood to flow oat with a graduate for calibrating meter; Si and 5», atopcoeka for allow- 
ing blood circulation to boort through chant SH while calibrating orifice ; SC, cannula 
Inserted In aobelarian artery ; C, cannula inaertod In diatal atump of coronary artery. 
(Reproduced by eoorteay of American Heart Journal) 


apparatus 


8uch a manometer (11) is simply a rubbor membrane* optical pressure 
manometer with a chamber surrounding tho front surfaco of the mem- 
brane for application of counterpressure. Upetreom lateral pressure from 
tho orifice meter is directed against tho back side and downstream pres- 
sure against the front side of the membrane. The membranes are con- 
structed from 0.000 in. thick rubbor membrane sheeting, stretched three 
to four times and tied over a hollow manometer tip approximately 4 mm 
in external diameter. A mirrorf is cemented at the appropriate point on 


* Rubbar maenbrmr* 0.004-0.000 In. I* aatkfactory. That which wt nn ni obtained 
from American AmxU Company, Ine„ Akron, O. Whan aaaambtad hi tba matar the 
membraoaa naually laat aaTeral day* to aaTarai week*, dapaodicj cm room tamper* tura. 
d Appradmattty 6 X ® mm pSaoea cot from U. B. Bureau of Standard* oartifiad ooantin* 
c *wmbc» cow «hpa_ Originally wa naad raar-aariaoad tflrerad mirror*, the rilrar bamr 
Protected by a oerroring d tha apaeiaJ adhaatro-l At tba aagnatlon of Dr. R. E. Bhlptay 
w* now tua front-aurfacod ohrotnlum-platad mlrrcaa peaparad foe a* by Erapocatad klatal 
FUma Corp., «6 W.BUtaBt.. Ithaca, N.Y. J ^ 
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is seen in the calibration plots (Fig. 3), demonstrating that at low rates of 
flow viscous effects arc marked, blood gives a much greater deflection 
than saline and the slope tends to be 1 : 1. At high rates of flow, however, 
the plot approaches a slop© of 1:2 and blood and saline cause almost 
identical differences of pressure. 

Ono difficulty encountered with the small l>oro orifice plates is that a 
small coagulura, presumably of platelets, occurs in the orifleo, narrowing 
the opening and progressively increasing sensitivit}- of the apparatus dur- 



Fia. 3. — C*Hbnlknn for »n orifice meter, irring — Tfne and blood and two different 
orifices. Dot-dash line, Ideal line represen tin* relationship between flow (ordinate 
scale) and dUTwential pressures. La., deflection of recording beam (absaml scale). 
Solid line, curve drawn In attempt to match observed points for blood. 

ing an experiment despite use of large amounts of anticoagulants. To 
overcome this, the apparatus should be constructed so that the orifice 
plate can be frequently cleaned, and spot calibrations at one or two rates 
of flow should be taken not leas than every */» hr. 

Figure 4 shows & typical assembly for using the orifice meter (see also 
Fig. 2, p. 121). The arrangements consist of a shunt whereby flow may be 
maintained when the orifice is being calibrated, and suitable connections 
for running blood through the orifice at varying rates and for collecting 
the outflow in a graduate or other measuring device while recording the 
differential pressure so created (1). Since a given movement of the differ- 
ential recorder means a greater increment of flow at low than at high rates 
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cally recording bellows manometers (16, 10). Their principal disad van- 
tages for venous outflow are necessity for frequent calibration and the 
slightly greater intrinsic resi stance to flow as compared with the meters 
described on pages 58 ff. 

II. Air Expansion Systems 

Perfusion of organa with blood from a reservoir, pressure being ap- 
plied by on air chamber above the blood, allows measurement of rate of 
flow in terms of rate of drop of pressure in the air chamber (0) or in the 
fluid (18, 21) measured by a suitably sensitive manometer. This method 
has been used for coronary flow studies and would bo applicable to other 
situations in which relatively rapid fluctuations of flow occur. 

The air pressure typo of device suffers the slight disadvantage, when 
rapid rates of flow are being measured, that, owing to sudden expansion 
'of air In the chamber above the blood, cooling occurs which reduces pres- 
sure more rapidly when blood is leaving the chamber. Pressure then rises 
slightly after flow has ceased. This difficulty can be almost completely 
overcome if the surface for absorption of heat from the environment is 
large relative to the volume of air above the perfusion fluid. When pres- 
sure in the perfusion fluid is recorded instead of the air pressure, oscilla- 
tions due to wator hammer effects occur which do not represent fluctua- 
tions in flow. These devices may be used to measure flow rate over inter- 
vals as short as 0.2-1. 0 sec. However, the chamber requires frequent re- 
filling with blood in order to obtain a continuous record of rate of flow 
over any prolonged period, and it is difficult to prevent sedimentation of 
the blood. 

Commeni by Donald E. Oreyg 

I have little criticism of the methods indicated or of their description. The 
sdjnstabio screw for changing the sensitivity of the orifice meter devised by 
Shipley d aL is, as far as I know, an adequate instrument in operation and is 
much more flexible than the insertion of disks. 
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the membrane by an intervening pegf cemented to tho mirror and mem- 
brane by a self-vulcanixmg rubber cement. § The point of contact of peg 
with membrane should be as small as possible and should be at the point 
of maxim al deflection of the membrane, which is usually at the point 
where the membrane bends over the edge of the manometer tube (Fig. 2). 

A wedge of water usually present between the window of the differen- 
tial man ometer and the mirror causes color separation in the recording 
beam and therefore prevents a sharp-edged recording. This may be cor- 
rected by a properly oriented prism of suitable power, placed in front of 
the window (11). It is more convenient and causes less loss of light to 
mount the window in a ball and socket (10) (Fig. 2). Optical systems for 
use with these differential manometers have been described in detail 
elsewhere (8). 

Electrically operated capacitance manometers of the type described by 
Lilly and his associates (17) could probably also be used for this purpose, 
bs could the differential type of strain gauge. Jf For measurements of 
flow in nonpulsating streams, a direct writing differential manometer 
may be used (16). It may bo composed of two sensitive matched metal 
hollows attached to a single writing point, the bellows being connected 
to an upstream and downstream connection of the orifice meter or other 
differential pressure generating device (16). 

c) Use of differential pressure meters for mean flow registration. . — Calcu- 
lation of mean flow from pulsatile flow curves requires determination of 
tho mean deflection. The latter is accomplished readily by measuring the 
area under the curve with a planimeter and dividing by the length of the 
base. When deflection of the recorder is not linear with respect to flow, 
mean deflection will give the mean flow with not more than 1.7 per cent 
error when minimnl deflection is equal to at least one-half the maximum 
(12) . This rarely occurs, however, and when flow approaches rero or when 
backflow is obtained the curve must be redrawn with a linear ordinate 
scale before it is integrated, otherwise largo errors may be incurred. 
Where the meter’s calibration is approximately linear with a slope of 1 : 2 
on log-log paper, the square root extractor is very useful (7). Otherwise 
points along the curve must be replotted to a linear ordinate scale with 
aid of a calibration graph (Fig. 8). 

When pulsatile flow doee not occur, as in peripheral veins, or when 
mean flow may be produced, as in artificial perfusion systems or by inser- 
tion of an expansion chamber upstream from the meter in recording 
arterial inflow, as shown In Figure 2 (p. 121), more sensitive but lower 
frequency differential pressure manometers may be used. These may be 
of the optical type already described, water manometers (20) or mechani- 
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caJly recording bellows manometers (15, 10). Their principal disadvan- 
tages for venous outflow are necessity for frequent calibration and the 
slightly greater intrinsic resistance to flow as compared with the meter* 
described on pages 08 ff. 


II. Air Expansion Systems 

Perfusion of organs with blood from a reservoir, pressure being ap- 
plied by an air chamber above the blood, allows measurement of rate of 
flow in terms of rate of drop of pressure in the air chamber (9) or in the 
fluid (18, 21) measured by a suitably sensitive manometer. This method 
has been used for coronary flow studies and would be applicable to other 
situations in which relatively rapid fluctuations of flow occur. 

The air pressure typo of device sufFere the slight disadvantage, when 
rapid rates of flow ore being measured, that, owing to sudden expansion 
'of air in the chamber above the blood, cooling occurs which reduces pres- 
sure more rapidly when blood is leaving the chamber. Pressure then rises 
slightly after flow has ceased. This difficulty can bo almost completely 
overcome if the surface for absorption of heat from the environment is 
large relative to the volume of air above the perfusion fluid- When pres- 
sure in the perfusion fluid is recorded instead of the air pressure, oscilla- 
tions due to water hammer effects occur which do not represent fluctua- 
tions in flow. These devices may be used to measure flow rate over inter- 
vals as short as 0.2-1 .0 sec. However, the chamber requires frequent re- 
fining with blood in order to obtain a continuous record of rate of flow 
over any prolonged period, and it is difficult to prevent sedimentation of 
the blood. 

Commeni by Donald E. Grtgg 

I have Kttle criticism of the methods Indicated or of their description. The 
adjnstable screw for changing the sensitivity of the orifice meter devised by 
Shipley et eL is, as far is I know, an adequate instrument in operation and is 
moch more flexible than the Insertion of disks. 
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the membrane by an intervening pegt cemented to the mirror and mem- 
brane by a self-vutcamiring rubber cement. § The point of contact of peg 
with membrane should be as small as possible and should be at the point 
of maximal deflection of the membrane, which is usually at the point 
where the m emb rane bends over the edge of the manometer tube (Fig. 2). 

_ A wedge of water usually present between the window of the differen- 
tial m a n o m eter and the mirror causes color separation in the recording 
beam and therefore prevents a sharp-edged recording. This may be cor- 
rected by a properly orientod prism of suitable power, placed in front of 
the window (11). It is more convenient and causes less loss erf ligh t to 
mount the window' in a ball and socket (10) (Fig. 2). Optical systems for 
use with those differential manometers have been described in detail 
elsewhere (8). 

Electrically operated capacitance manometers of tho type described by 
Lilly and his associates (17) could probably also be used for this purpose, 
as could the differential type of strain gauge. j[ For measurements of 
flow in nonpulsating streams, a direct writing differential manometer 
may be used (10). It may bo composed of two sensitive matched motal 
bellows attached to a single writing point, the bellows being connected 
to an upstream and downstream connection of the orifico meter or other 
differential pressure generating device (15). 

c) Ups of differential pressure meters for mean flow registration. — Calcu- 
lation of mean flow from pulsatile flow curves requires determination of 
the mean deflection. Tlie latter is accompb'sbed readily by measuring the 
area under the curve with a planimeter and dividing by the length of the 
base. When deflection of the recorder is not linear with respect to flow, 
mean deflection will give the mean flow with not more than 1.7 per cent 
error when mmimaJ deflection is equal to at least one-half the maximum 
(12). This rarely occurs, however, and when flow approaches xero or when 
backflow is obtained the curve must be redrawn with a linear ordinate 
scale before it is integrated, otherwise large errors may be incurred. 
Where the meter’s calibration is approximately linear with a slope of 1:2 
on log -log paper, the square root extractor is very useful (7). Otherwise 
points along the curve must be replotted to a linear ordinate scale with 
aid of a calibration graph (Fig. 3). 

When pulsatile flow does not occur, as in peripheral veins, or when 
mwin ficrw Inay be produced, as in artificial perfusion systems or by inser- 
tion of an expansion chamber upstream from the meter in recording 
arterial inflow, as shown in Figure 2 (p. 121), more sensitive but lower 
frequency differential pressure manometers may be used. These may be 
of the optical type already described, water manometers (20) or mechani- 


1 Tb* sn an» ecnrrwilently mad* from rod pall*d to »nprtrdm»tdr OJMO In. 
dtnueter md broken off In length* of •pprorimaUty 0-040 In- . ~ - 

l TbT<£m«Et k nwdml -dWr. 10SS1 ot*»fa*d from Anwfcu Anod* Comr^nr. Inc., 

A1 fmi2ini I^lOTttrUi Iw_ 8322 Bwnrtr Bird. Lo. A»nl~ M, CUlt; n«U P-11 

pmri trmn«nitter. 



AIR EXPANSION SYSTEMS 


107 


cally recording bellow* manometers (15, 10). Their principal disadvan- 
tages for venous outflow are necessity for frequent calibration and the 
slightly greater intrinsic resistance to flow as compared with the meters 
described on pages OS ff. 


n. Air Expansion Systems 

Perfusion of organa with blood from u reservoir, pressure being ap- 
plied by an air chamber above the blood, allows measurement of rate of 
flow in terms of rate of drop of pressure in the air chamber (9) or In the 
fluid (18, 21) measured by a suitably sensitive manometer. This method 
has been used for coronary flow studies and would be applicable to other 
situations in which relatively rapid fluctuations of flow occur. 

The air pressure type of device suffers the slight disadvantage, when 
rapid rates of flow are boing measured, that, owing to sudden expansion 
'of air In the chamber above the blood, cooling occurs which reduces pres- 
sure more rapidly when blood is leaving the chamber. Pressure then rises 
slightly after flow has ceased. This difficulty con be almost completely 
overcome if the surface for absorption of heat from tho environment is 
large relative to the volume of air above the perfusion fluid- When pres- 
sure in the perfusion fluid is recorded instead of the air pressure, oscilla- 
tions due to water hammer effects occur which do not represent fluctua- 
tions In flow. These devices may be used to measure flow rate over Inter- 
vals as short as 0. 2-1.0 sec. However, the chamber require* frequent re- 
fining with blood in order to obtain a continuous record of rate of flow 
over any prolonged period, and it is difficult to prevent sedimentation of 
the blood. 

Comment by Donald E. Grew 

I hare little critldstn of the methods indicated or of their description. The 
adjustable screw for changing the eensith’ity of the orifice meter devised by 
Shipley et ah is, as far as I know, an adequate instrument in operation and 
much more flexible than the Insertion of disks. 
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tho membrane by an intervening peg J cemented to tho mirror and mem- 
brane by a self-vulcanizing rubber cement. | Tho point of contact of peg 
with membrano should be as small as poasiblo and should bo at the point 
of maxima] deflection of the membrane, which is usually at the point 
whore tho membrane benda ovor the edgo of the manometer tube (Fig. 2). 

A wedge of water usually present between tho window of the differen- 
tial manometer and the mirror causes color separation in the recording 
beam and therefore prevents a sharp-edged recording. This may be cor- 
rected by a properly oriented prism of suitable power, placed in front of 
the window (11). It is more convenient and causes less loss of light to 
mount tho window in a ball and socket (10) (Fig. 2). Optical systems for 
use with these differential manometers have been described in detail 
elsewhere (8). 

Electrically operated capacitance manometers of the typo described by 
Iilly and Ids associates (17) could probably also bo used for this purpose, 
as could tho differential typo of strain gauge, J| For measurements of 
flow in nonpulsating streams, a direct writing differential manometer 
may be used (10). It may bo composed of two sensitive matched metal 
bellowB attached to a singlo writing point, the bellows being connected 
to an upstream and downstream connection of the orifice meter or other 
differential pressure generating device (15). 

c ) JJee of differential prmurc mclers for mean flow registration — Calcu- 
lation of mean flow from pulsatile flow curves requires determination of 
the mean deflection. The lattor is accomplished readily by measuring the 
area under the curve with a planimetor and dividing by the length of the 
base. When deflection of the recorder is not linear with respect to flow, 
mean deflection will give the mean flow with not more than 1.7 per cent 
error when minimal deflection is equal to at least one-half the maximum 
(12). This rarely occurs, however, and when flow approaches xero or when 
backflow is obtained the curve must be redrawn with a linear ordinate 
scale before it is integrated, otherwise large errors may be incurred. 
Where the meter’s calibration is approximately linear with a slope of 1 : 2 
on log-log paper, the square root extractor is very useful (7). Otherwise 
points along the curve must be replotted to s linear ordinate scale with 
aid of a calibration graph (Fig. 3). 

When pulsatile flow does not occur, as in peripheral veins, or when 
mean flow tany be produced, aa in artificial perfusion systems or by inser- 
tion of an expansion chamber upstream from the meter in recording 
arterial inflow, as shown in Figure 2 (p. 121), more sensitive but lower 
frequency differential pressure manometers may be used. These may be 
of the optical type already described, water manometers (20) or me chani - 
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where E Is the potential difference in volts; II, field strength in gauss; J, 
length of the conductor within the field in cm (at right angles to direction 
of motion and lines of forco in tho field) ; r, speed of the conductor in om / 
sec If H and I are kept constant, the voltago developed will bo a linear 
function of the speed of tho conduotor: 

E - K t K «■ 

E is independent of tho material of tho conductor, which therefore may 
consist of a solution of electrolytes, such as blood. Uso is made of this fact 
in practical application of this principle to the flow meter. 

APPARATUS AED PROCEDURE 

The complete apparatus consists of a magnet, insulating slccvo, two 
nonpoIari*ablo electrodes, a direct-coupled amplifier and a recording 
galvnnomoter. 


A 



Fia. 1. — T»o type* o/ msgnrtJ mtd with flow meter. 


a) Magnet . — Tho constant uniform magnetic field neooeaary for quanti- 
tative accuracy may be obtained by using a permanent magnet or an 
electromagnet energised by a suitable d-c souroo such as a storage bat- 
tery or well filtered d-c line. It is desirable to produce the strongest mag- 
netic field possible consistent with the limitations imposed on the mag- 
net by the space available. Si so and bhapo of the magnet and shape of tho 
pole pieces are determined by size and location of the blood voasel to 
which it U to be applied. Width of the air gap is also determined by siio 
of the blood vessel and should, of course, bo oa small os poesiblo to pro- 
vide maximal field strength for a given magnetomotive force. Two types 
of magnets which havo been used are shown in Figure 1. B Is a small elec- 
tromagnet, with core constructed from laminations removed from a small 
filament transformer. E ac h coil consists of approximately 60 ft of no. 
22 B. k S. enameled wire. Total resistance of the two coils in eerie* hi 
approximately 2 ohms. When energized from a 12 v storage battery, a 
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HI. Electromagnetic Flow Meter 

KENNETH E. JOCH1M, Aomms 

The electromagnetic flow meter is designed to record velocity of blood 
flow. Special advantages are: (1) the blood vessel need not be opened, (2) 
ita calibration curve is a straight line passing through the origin, and 
(3) it faithfully records rapid changes in blood flow occurring daring each 
cardiac cyole, thus making it possible to record an instantaneous veloc- 
ity pulse. The jpethod was first developed by Kolin in this country (1, 
2, 6) and independently by Wetterer in Germany (8, 9). The d-c model 
was subsequently modified as described below, and an n-c model was 
later developed by Kolin (3, 6). 

Principle . — The principle on which operation of the instrument de- 
pends is that when an electrical conductor moves across the lines of force 
of a magnetio field, a potential difference is created in the conductor. If 
(a) the field is uniform, (6) the conductor moves In a plane at right angles 
to the magnetic field and (c) the length of the conductor extends at right 
angles to both field and direction of motion, the resulting potential differ- 
ence will be directly proportional to field strength, speed of motion of tho 
conductor and length of the conductor within the field; vii., 



ELECTROKtAGNETIC FLOW MI7TER 111 

of the vessel lb kept constant. Two types of sleeves are shown in Figure 2. 
Typo A ia made of luoito or polystyrene. 8ixo of the lumen of tho sleeve 
and the slot through whioh tho blood vessel is inserted is determined by 
the diameter of the blood vessel. Two small holes diametrically opposed 
and oriented at right angles to the axis of the sleeve are provided for re- 
ceiving short lengths of thick wool yarn soaked In an agar saline mixture 
and connected to tho nonpolarixable electrodes discussed later. The yarn 
is packed rather tightly in tho holes and should project into the lumen 
a fraction of a millimeter to insure good contact with the vessel wall. 
Type B affords a considerably larger electric contact with the blood ves- 
sel. The two halves, of porous baked clay, are held together, but insu- 
lated from each other, by a thin piece of bakolite, Iucite, celluloid or other 
insulating material to which they are cemented. The clay pieces, soaked 
in 0.9 per cent sodium chloride, act as both restraining sleeve and elec- 
trodes. Each half has in the top a small well into which the ends of wool 
yarn may be packocL Clay sleeves of any site are easily molded in two 
halves from ordinary modeling or potter's clay which, after air drying, is 
fired at around 1700 F for a few hours. Exact temperature and time of 
firing must be determined by experience for tho particular type of clay 
used. After firing, the clay halves are cemented in place (Fig. 2, B ). 

Several types of non polarizable electrodes have been tried; the most 
stable operation lias been obtained by use of calomel half-cells. They are 
more bulky than Ag-AgCl electrodes, but with the latter it is difficult to 
avoid spurious potentials arising probably from variable contact between 
electrode and vessel wall. The calomel half-cells we use have the form 
indicated in Figure 2, C, although any other convenient shape may be 
used. Contact between half-cells and blood vessel is made by wool yarns 
soaked in agar saline. The wicks should be kept as short as possible and 
prevented from touching any surrounding objects by enclosure in short 
lengths of thin rubber tubing. Both a gar and rubber tubing tend to re- 
duce drying of the wicks to a minimum. From time to time it may be 
necessary to moisten them with a drop or two of saline. 

c) Amplifier . — To record the absolute magnitude of blood flow the 
d-c component of flow potentials must bo amplified. This may be accom- 
plished by three different types of circuits: (1) a direct coupled amplifier, 
(2) a capacitatively coupled amplifier with mechanical or electronic 
“chopper” in the input circuit, (3) a circuit whereby the flow potentials 
may be made to modulate a oonstant sinusoidal carrier frequency which 
is then demodulated before recording. We have chosen the direct coupled 
amplifier described here. 

With any direct coupled amplifier the chief problem in design la to 
eliniinate or make neg ligib le aero drift. This haw been accomplished by 
means of the circuit (Fig. 3) modified from a design by Miller (7). It con- 
sists of two directly coupled 6SC7 double triodea, coupled thro ugh a 
VR106 gas tube to a 6F8G double triode output tube. The first two stages 
employ “cathode compensation” for reducing *ero drift as described by 
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central magnetic) field strength of approximately 1600 gauss is produced 
in ft 1 cm air gap. The two pole pieces art? of soft iron; one is movable so 
that air gap may bo adjusted to site of the blood vessel. This magnet has 
been used to measure blood flow in such vessels as the carotid artery and 
inferior vena cava of the dog. A is a larger permanent magnet (Alnico 
V), such as is supplied for use with vacuum tubes of the magnetron type. 
A field strength of approximately 7600 gauss is available in a 2 cm gap. 
By means of small soft iron pole pieces, width of the gap may be de- 
creased and correspondingly larger field strengths obtained- A magnet of 
this type may be used for measuring flows through large tubes which 



form part of a perfusion system such as that employed for heart-long or 
isolated heart preparations. Here, of course, space limitations are not so 
severe and a magnet of this sise may be conveniently used. 

Such a magnet, when suspended in an inverted position, may also be 
used to measure flow in the pulmonary artery of a dog with open chest. 
With careful placement of the magnet and by use of pole pieces of proper 
aise, the pulmonary artery may be placed approximately in the center of 
the magnetic field. 

Electric contact between any part of the magnet and the surrounding 
tissues should be prevented by coating the magnet with insulating var- 
nish and by providing additional insulation, if necessary, through use of 
sheets of rubber or celluloid. 

by Sleeve ofld degrade *. — Ibe sleeve has two functions: (1) to hold the 
electrodes in place on the surface of the blood vessel, and (2) to prevent 
pulsatile changes in diameter of the vessel. The latter condition Is nooes- 
sary because, since the flow meter records linear velocity of flow, it can be 
calibrated In terms of volume rate of flow only if the crow-sectional area 
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Miller. Inclusion of variable invoreo feed-bad: improves stability of 
operation, min unites effects of variations in tubo characteristics and also 
provides on o means of varying amplifier gain. An attenuator in the input 
circuit provide* further gain control. Both voltage and current outputs 
nro available from tho plato* and cathodes, respectively, of the last tube. 
Over-all vdtfigo gain may be varied from 600 to 00,000, and over-all 
transconductance when using current output may be vnried from 0.027 
to 6.6 mhos. Both voltago gain and transconductanco depend on tho 
value of resistance connected across tho two cathodes of the output tubes. 
For maximal voltage gain theso cathodes should be shorted together. 
Fot maximal transconductance the galvanometer connected between the 
two cathodes should have the lowest possible resistance. The frequency 
characteristic of the amplifier also depends era the value of this resistance 
between the output cathode*. When resistance is zero (cathodes con- 
nected), amplifier response is fiat from aero frequency (d-c) to approxi- 
mately 1000 cyclea/sec and rises to a peak at 9500 cycles. When this re- 
sistance equals 3000 ohms, response Ls flat to 7000 cyclee/sec and fails 
off at higher frequencies. Resistance values greater than 3000 ohms fur- 
ther restrict the high frequency range. 

Heater* of the tube* are eupplied from a 0 v storage battery; plate 
voltage* are obtained from B batteries. Tho amplifier may bo operated 
from the 8-c line if a well regulated and well filtered power supply is used. 

It Is extremely important that manganin or Advance wire wound re- 
sistors be used where indicated. Substitution of other types will result in 
serious sero drift. The two balancing control#, Pi and 7\, of helical type, 
provide critical adjustment of resistance over a wide range and are free 
from troubles due to poor contact between the moving arm and the re- 
atitanoe wire. It is important also that selector switches and tube sockets 
make firm positive contact*. 

Tbe 0SC7 tube in the first stage should be mounted on a cushioned 
socket to prevent microphonics and should also be selected for a low in- 
herent noise level This can be done only by trying various tubes in the 
first stage and selecting the one which reduces to a minimum the amount 
of erratic fluctuation (noise) in amplifier output. Stability of operation is 
improved if all tubes are aged by applying a current to the heaters con- 
tinuously for 4 or 6 days. 

Potentiometer P, is General Radio type 314A. Substitution of a 
cheaper potentiometer of the volume control type is not aati*£actory. 

Operation of the amplifier require# no particular experience or *HH 
After an initial warming-op period (preferably about 1 hr), the meter is 
•hunted by closing switch Si and connected to the amplifier output by 
placing switches S< and St in appropriate positions. Output is now bal- 
anced by means of controls Pi and P t , and final balance is attained by 
further adjustment of P% after switch Si is opened. Proper setting of P t 
is now found by trial and error. It is properly adjusted when the amplifier 



Fio. 3. — Circuit diagram of complete amplifier. Manganin wire wound realtor*, 
1 w: -R+, 1000 ohma; £*, 8 ohm*- £», 72 ohm*; fin, 0 J> megacycle; fin, 40,000 
ohm* ; fin, 20,000 ohma: fin, 80,000 ohm*. Nlchrome wire wound reafcrtora, l w: 
ff u OJlB megacycle ; fij, 0.16 megacycle; fi», 0.10 megacycle; fir, 10 ohm*; fit, 00 
ohma; fit, 81.8 ohm*; fin, 1000 ohnu; R lt , 60,000 oomi; fin, 0J5 megacycle; 
fin, 10,000 ohms; fin, 0.11 X rwtktanw o l 1L Metallised reriaton, 1 w: Ra, 1 
megacycle; fir*, 8 megacycles; R„, 0J2 megacycle: fio, 110 ohma. Variable rr- 
alatora. wire wound: Pi, 10,000 ohmiL H oh pot; P*, 10,000 ohma, Helipot; P», 
1000 ohm*. General Radio type 314A; Pt, 600 ohma, volume control type. Switches: 
Si, 5-poa. selector; Su 3-pos. selector; 8%, 4-poa. selector; 8*. 3%, <3*. St, DPDT 
toggle; St, St, 8 PST toggle. Tube*: T t , Tt, C8C7; T* VR 105-30; Tt, 6F8G. 
Mettar: M 1-0-1 ma. 
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Miller. Inclusion of variablo invorso feed-back Improves stability of 
operation, minimises eflfcots of variations In tubo characteristics and also 
provides ono means of varying amplifier gam- An attenuator in the input 
circuit provides further gain control. Both voltage and current outputs 
arc available from the plates and enthodos, respectively, of the last tube. 
Over-aD voltage gain may bo varied from 600 to 90,000, and over-all 
transconductancc when using current output may bo varied from 0.027 
to 6.6 mhos. Both voltage gain and transconductanco depend on the 
value of resistance connected across tho two cathodes of tbo output tubes. 
For maxima l voltago gain these cathodes should bo shorted together. 
For maximal transcondactance the galvanometer connected between tho 
two cathodes should have tho lowest posafblo resistance. Tho frequency 
characteristic of the amplifier also depends on the value of this resistance 
between tbo output oath odes. When resistance is rcro (cathodes con- 
nected)^ amplifier response is flat from iero frequency (d-c) to approxi- 
mately 1000 cycles /sec and rises to a peak at 0600 cycles. When this re- 
sistance equals 3000 ohms, response is flat to 7000 cyoles/scc and falls 
off at high er frequencies. Resistance values greater than 3000 ohms fur- 
ther restrict the high frequency range. 

Heaters of the tubes arc supplied from a 0 v storago battery; plate 
voltages are obtained from B batteries. Tho amplifier may bo opera tod 
from the a-c line if a well regulated and well filtered power supply is used. 

It Is extremely important that manganin or Advance wire wound re- 
sistors be used where indicated. Substitution of other types will result in 
serious xero drift. The two balancing controls, Pi and Pi, of helical type, 
provide critical adjustment of resistance over a wide range and are free 
from troubles due to poor contact between the moving arm and the re- 
sistance wire. It is important also that selector switches and tube sockets 
make firm positive contacts. 

The 0SC7 tube in the first stage should bo mounted on a cushioned 
socket to prevent microphonics and should also be selected for a low in- 
herent noise level. This can be done only by trying various tubes in tbo 
first stage and selecting the one which reduces to a minimum the amount 
of erratio fluctuation (noise) in amplifier output. Stability of operation is 
improved if all tubes are aged by applying a current to tho beaters con- 
tinuously for 4 or 6 days. 

Potentiometer P, is General Radio type 3 14 A. Substitution of a 
cheaper potentiometer of the volumo control type is not satisfactory. 

Operation of the amplifier requires no particular experience or skill. 
After an initial warming-up period (preferably about 1 hr), the meter is 
shunted by closing switch <Si and connected to the amplifier output by 
placing switches S t and S% in appropriate positions. Output la now bal- 
anced by means of controls Pi and Pj, and final balance is attained by 
further adjustment of P, after switch Sr is opened. Proper setting of P, 
U now found by trial and error. It is property adjusted when the amplifier 
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• ia shifted off balance in tho name direction regard Ices of whether P, is 
turned to right or loft, i.o., when 


dl 

3F, 


- o. 


whore I is tho meter current. Further adjustment of P» usually need not 
bo made. 

Sensitivity range is selected by moans of switch .Si which, by varying 
tho amount of inverse feed-back, provides maximal voltage gain of 6000, 
30,000 or 00,000. Further sensitivity control is provided by the input 
attenuator, Sj. 

Tho current through the calibration network is standardised by throw- 
ing switch 5 to the right and switch ^ to the left with switch 7 open. P< is 
then adjusted until the meter reads exactly 1 ma. A calibrating voltage 
of 0.1, 1.0 or 10.0 rav is selected by moans of switch 83. The selected cali- 
brating voltage is appliod to the amplifier by means of switch Su 

It is, of course, necessary that all connections in the amplifier bo firmly 
mado with rosin-core solder and that the input cable be shielded. 

d) Recording galvanometer . — This may be of any type (low internal re- 
sistance) which has a frequency response adequate to record tho flow 
pubes in the vessel desired. With a suitablo optical system the galvanom- 
eter deflection may be recorded on a photokymograph. A commercially 
available oeoillogmph (Hathaway, Heiland, General Electric, etc.) may 
be used. 

e) Precautions . — In using the flow meter a number of precautions must 
bo taken to insure satisfactory operation. Sise of the sloeve applied to the 
blood vessel must be selected so as to prevent pulsatile changes in vessel 
caliber and at the same time not constrict it sufficiently to interfere with 
blood flow. Care must be taken to see that positive contact between elec- 
trodes and v easel wall ia maintained at all times. No part of the electrodes 
should be allowed to touch the magnet or any surrounding tissue. The 
ftriVmH.1 must be a sufficient distance from any electrical or magnetic 
fields or must be adequately shielded from them. The magnet must be so 
placed that the blood v easel passes through a constant uniform region of 
the magnetic field. The base line for xero flow ia determined by momen- 
tarily ooclnding the blood vessel distal to the sleeve. Any pulsation of the 
base line daring occlusion indicates poor contact between electrodes and 
veesel wall. 

f) Calibration of flow curves . — It may be shown theoretically and ex- 
perimentally that the calibration curve of the flow meter is a straight line 
passing through the origin. Consequently, it is necessary to determine 
only one point on the calibration curve. This may be done in vivo as fol- 
lows: With the blood vessel oocluded distal to the sleeve, a measured 
amount of saline or blood (e.g., 10 ml) is injected with a syringe by intro- 
ducing the needle into the vessel between the sleeve and the point of oc- 
clusion and injecting backward. Iteeulting deflection of the galvanometer 
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is recorded with a suitable time marker. The area bounded by this curve 
and tbe bo*e line is measured with a planhnetcr and divided by tho scale 
length of the deflection on the record. This quotient gives the mean 
height of deflection and is equivalent to a rato of flow given by tho total 
quantity of fluid injected divided by tbe time taken for injection. Thus 
one point on the calibration curve is found, and since it passes through 
the origin, tho calibration curvo is completely determined. 

Critique . — The flow meter is easily applied to any accessible peripheral 
blood vessel. In vessels close to the heart, however, it is difficult to avoid 
recording of cardiac action potentials. Ono way of avoiding this is to 
cannula to the vessel and thus isolate from tho heart the section to which 
the electrodes are applied. 

The instrument has enough flexibility so that its components may be 
modified in a number of ways to meet individual circumstances as long as 
the following conditions are satisfied : (a) the sleeve must keep the vessel 
diameter constant, (b) tbe electrode* must bo non polarizable and must 
mako positive unvarying contact with tbe vessel wall, (c) tho magnet 
must supply a steady uniform magnetio field of sufficient strength to pro- 
vide flow pulse* of adequate rise without uso of unduly high amplifica- 
tion, (d) the amplifying and recording system must have negligible zero 
drift and must have a frequency-response curve which is flat from zero 
frequency (d-e) up to the frequency of tho highest significant harmonic in 
the flow pulao to be recorded. It is not known exactly what this upper fre- 
quency should be, but it is likely that even for central arterial flow pulses 
it need not be much above 100 cycles /sec. 

Not*. — This lectern was reviewed by L. N. Katz. 
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IV. Miscellaneous Pulsatile Flow Meters 

ITAnOLD n. GREEN 

Teclmiquofl other tlinn those already described Irnvo been used with 
vniying success for registration of the instantaneous rate of flow' in pul- 
sating streams. These include: a heated wire, for ming ono arm of a bridgo, 
ixiflsed through a blood vessel and the moment to moment changes in re- 
sistance recorded with a string galvanometer conncctod to appropriate 
arms of the bridge (2) ; the bristle tachograph (1), and photographic regis- 
tration of tlio rate of movement of a bubblo as it is carried along a tube 
placed Immediately in front of a photobymograph (3). 
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V. General Comments on Apparatus for Direct Blood Flow 
Registration 

HAROLD D. GREEN 

Anticoagulants . — Heparin is the most satisfactory anticoagulant. We 
use 0.3 ml (3 mg) per kg of body weight initially, followed by 0.06 ml/kg/ 
30 min. Other investigators use aa much as 0.6 ml/kg/30 min (p. 192). 
For perfusion systems we use 0.3 ml of heparin per 100 ml of blood. 
Heparin appears not to contribute in any way to development of shock 
in an experimental animal (1). Chloraxol fast pink and related dyes may 
be used alone or with heparin in a doee of 80 mg/kg. Chloraxol fast pink, 
however, is slightly toxic in full anticoagulant dosage. Coating of the 
lining of the apparatus with Silicone* may reduce the amount of 
anticoagulant required. 

Cleaning of apparatus . — Extreme care must be taken to remove all 
traces of blood from flow meter equipment immediately after use. Failure 
to do so may result in marked decline in arterial pressure and other 
changes similar to those seen in cross-transfusion reactions in man when 
the apparatus is next used. These changes apparently are doe in part to 
products of decomposition of old blood. A very small quantity of blood, 
such as that residing in the crevices where rubber tubing is attached to 
metal or glass tubes, seems sufficient to induce the reaction. 

* Pry-tn General Heefcrte Corap«ny, 1 Hirer Bo*d. Schenectady 5, N. Y. 
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Criteria of adequacy of flow meters . — A flow meter should record accu- 
rately within ■‘•S per cent under steady flow conditions. It should also bo 
capable of indicating changes of rate of flow with a lag of not loss than 2 
or 3 sec when relatively steady flow conditions are occurring or with a lag 
of not more than 0.0 1 sec when pulsatilo flows are l>eing recorded. The 
calibration should also remain eonstnnt over 1 or more henna for meters 
used in acirto experiments and for days in chronic experiments. 

A motor is most conveniently calibrated by passing tho fluid to l>o meas- 
ured through it at sovcral rates of flow from zero up to tho maximum to 
bo anticipated, while recording and simultaneously collecting the out- 
flowing fluid in a grad ua to or other measuring receptacle for a measured 
interval of time. AD meters should be calibrated at zero flow periodically 
to be sure that the recording system is not drifting. This is particularly 
important In velocity flow motors in which calibrations ore nonlinear and 
small deviations near zero indicate proportionately greater flow incre- 
ments than similar deviations at high flow rates. 

Meter lag In following flow changes is important with all meters but 
particularly in those designed for pulsatilo flow. Determination of lag 
may be performed by two methods, (a) In ono a stopcock or other device 
is used to interrupt the flow rhythmically, the moment of interruption 
and restoration of flow being signaled by some convenient means, de- 
pending on the method used to interrupt the flow. When flow is inter- 
rupted by an electromagnet, a signal magnet or a mirror attached to the 
armature of a small relay may be used to signal the opening and closing 
of the electric clamp. In differential flow meters such as the orifice meter, 
therm ostromuhr and electromagnetic flow meter, the recorder should rise 
almost instantaneously to maximal rate of flow and should not overshoot 
or drift after steady flow is maintained. Similarly, return to zero flow on 
interruption of the flow stream should be as nearly as possible dead beat. 
In Integral flow meters, such as the piston recorder, transition of steady 
flow to zero flow and back to steady flow should be a sharp angle without 
overshoot of lag (see reference (2) for examples). (6) A second method 
uses a reciprocal plunger which drives fluid back and forth through the 
meter. Movements of the plunger can bo recorded by attaching to it a 
mirror whioh reflects a boom of light into a photokymograph. The 
plunger can be driven by a suitable mechanical sine wave generator at 
varying rates of speed and varying strokes. The record should foflow such 
a line wave with fidelity up to 6-10 strokes /sec for a recorder designed 
for pulsatile flows and up to 1 cycle/2—4 sec for meters designed for steady 
flow registration (2). Meters designed for use in pulsatile streams must 
be checked to be sure that calibrations made under steady flow conditions 
axe applicable to pnlsatUo flow of the type to be met in the proposed ex- 
periment. In practically all arteries this means that the meter must be 
capabl e of h andling flows which oedllate during one heart cycle from 
rapid forward flow to backflow frequently equal to 60 per cent of the 
velocity of forward flow (3). 
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Loes of pressure occurs in nil metering systems. The Joss must be kept 
to an absolute minimum unless an absolutely isolated vascular bed is 
being studied; otherwise largo and unpredictable errors due to collateral 
circulation artifacts may occur (see p. 218). All meters and connecting 
cannulao and tubing should therefore be checked for their inherent pres- 
sure losses by insorting the inflow cannula in a larger bore T-tube the 
side-arm of which is connected to a manometer and maintaining the out- 
flow cannula at a constant Iovol. If the manometer is adjusted to icro at 
*ero flow, its reading will give tbo pressure loss directly, and a second 
piezometer connection on the outflow is unnecessary. Some energy will be 
present in the fluid leaving the outflow cannula owing to its velocity, but 
this is usually negligible. For instance, at 200 ml/min with a cannula of 
3 mm internal boro, the kinetic energy of the efflux which would, of 
course, represent port of the pressure recorded by the upstream manom- 
eter would bo only 0.8 mm Hg (approximately). The calculation for this 
factor is : 

mm Hg “ U6X2XJ " IT* X 60* X f*X2X two X L36 " S 1 X 1,8# X 10 ’* 

where V equals velocity of efflux in cm/scc; g, gravitational constant « 
080; F, flow in ml/mln ; D, diameter of efflux cannula in mm ; 1.80 b factor 
to convert 1 cm water to 1 mm Hg. 
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I. Perfusion Systems for Use with Isolated Organs or 
Regions of the Body 

HAROLD D. GREEN 

For mant jttudizs blood flow in an organ perfused from the aorta is 
satisfactory. However, in certain circumstances one may wish perfusion 
of an Isolated organ; in others it is desired to perfuse an organ at pres- 
smen other than that in the aorta. 

Criteria which must be satisfied in an artificial perfusion system are: 
the fluid must be maintained at a constant temperature, preferably body 
temperature; it must be suitably oxygenated; sedimentation of red cells 
must be prevented; excessive trauma to blood must be avoided. 

Ringer’s or Locke’s solution has been employed in many situations, 
as in the Lfiwen-Trendelenburg preparation and the perfused heart and 
car. Such solutions avoid the problem of cell sedimentation and are prob- 
ably suitable for study of vasoconstrictor substances, but sufficient 
anoxia may exist that local metabolic vasodilation may mask the effect 
of any dilator subetance added to the perfusion fluid. 

For blood perfusion we have used small chambers (3), periodically 
filled with blood from a syringe, the chamber being agitated just before 
flow measurement and pressure being obtained by regulating air pressure 
in the chamber. 

Various workers (5-7) have used a pump lung system to supply blood 
to the perfused organa. We have not been too satisfied with this system, 
feeling that most artificial pumps traumatise the blood sufficiently to re- 
lease toxic material. 

We have reoently been using a system whereby a second dog serves as 
the pump lung system, forcing blood into a reservoir at a rate sufficient 
to maintain in that reservoir whatever head of pressure is neoessary (1). 
Blood from this reservoir then enters the organ to be perfused in a first 
dog. To prevent sedimentation in the raeravoir, a small constant return 
from the reservoir flows back into the vein of the donor animal A dia- 
gram of the Systran is given in Figure 1. An electric contact actuated by a 
sensitive bellows connected with the air above the fluid in the perfusion 
reservoir operates an electromagnetic clamp. The clamp admits blood to 
the reservoir from the donor animal as necessary to maintain pressure at 
the desired level. It la possible to maintain this perfusion pressure within 
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2-3 mm over rather wido ranges of blood fiow provided a large vessel of 
tho donor animal is cannulatod and large boro tubing Is used throughout 
tho perfusion system. 

For simultaneous perfusion of vascular beds in skin and muscle wo 
have used the arrangement shown in Figuro 2. 

A highly satisfactory arrangement for perfusion of the whole hindleg is 
shown in Figuro 3 (2). In this preparation the perfusion pressure can bo 
kept quite constant by use of the Lomson and doTurk pressure regulator, 
ho., an infusion flask supported at tho appropriate height above the ani- 
mal filled initially with blood from a donor animal and connected to a 



Fiq. 1. — Pcrftinlon reservoir. AC, cannula inserted in large artery of donor animal; 
VC, return cannula in vtrjn of donor animal; PC. cannula In artary of perfused raaen- 
lar bed; C. blood-air chamber of perfusion fjvtcm; B. agndtire metal bellows con- 
nected with air chamber of perfusion reservoir; CO, adjustable contact far regulating 
p rea wi re in perfusion system; JSC. elec trio clamp, controlled by B and CO, for regu- 
lating flow of blood into C from AC. 

large cannula inserted centrally in a large artery (4). Use of an infusion 
system to return blood to the animal at approximately the rate at 
which blood entera the flow meter facilitates maintenance of a constant 
perfusion pressure. For perfusion of the isolated kidney we have con- 
nected the femoral artery and vein of a donor dog to the distal segments 
of the aorta and voxa cava of the kidney dog. Kidney, aorta and vena 
cava are then dissected free and all branches ligated and finally the 
aorta and vena cava ligated cephalad from the renal branches (1). 

Polythene tubing* has proved highly satisfactory in perfusion systems. 

* Obtained from Anchor PU*tla« Company, 333-41 Canal St., Now York 13, N. Y. 
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Fia. 2. — Peirftaioo system for mafiiranwit of blood flow In skin fuul muscle 
■rfd for collateral drrulfttioo studies (p. 318) In dog (Indicated by dashed outline). 
C,^ w clamps on aorta and femoral artery; AP, manometer for recording aortic prea- 
nrre; CPP, manometer for recording preejure In collateral arterim; Pi, connecting 
to system for regulating air pressure (rimilar to that In Fig. I); B, blood reaerrolr; 
SC,.t,*i stopcocks; 0, orifice meter; DM, differential manometer (p. 103): PPS, 
manometer for roeordlng perfuaion preaaure (blood flow tn akin); V, vieoori rooter ; 
If A, c annu l a In left femoral artery; IEA, cannula In inferior epigastric artery: if, 
branches of femoral artory going to muscle; BA, Raphe dous artery (supplying princi- 
pally akin). Long arrow ana dotted lines Indicate another orifice motor and differen- 
tia] manometer oaed for measuring blood flow in muade (omitted to simplify dia- 
gram). 

System* that have been developed for use with the isolated ear arc given 
on pago 123, for the kidney on page 103, for the brain on page 204, and 
the Lfiwen-TrendelenbnrB preparation on page 120. Other perfoaion 
systems have been described by Bruner and Schmidt (la), Fleiech (lb), 
Geiger and Magnea (2a), Heubner and Mancko (3a) and Paff et al. (52), 
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Fro. 8. — Perftaian system for measuring blood flow in hindleg of dog (Indi e s t e d 
by dashed outline). A, aorta; PC, Tenn cara; FA % femoral artery; FV, femoral vein; 
8, tuberculin syringe for injecting drugs, eto.' T, tourniquet; Vm, venous pressure 
manome ter; FM, venous outflow metor (p. 09); IG, inluskin system for infusing 
blood at rate approximating that at which blood is ooUected in FM daring flow meas- 
urement; HaM, mercury manometer for recording perfoskm preeonre. Shadowed areas 
indicate path of blood flow daring flow measurement. When flow measurements are 

not derired, venous return oan be directed from left In to right femoral Tein by rotating 
stopcocks. 

fi. Long, J* A-'. Pulsating perfusion apparatus, J. Lab. A Clin Med. 32: SCO, 1047. 
fia. Paff, G. H. ; Hnbin, L., and Hamilton, J. B, : Pump for perfuskm of organa, Proc. 
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II. Perfusion of Rabbit’s Ear for Study of Vasoconstrictor 
Substances 

IRVINE H. PAGE and ARDA ARDEN GREEN, CUniand CU*ic FowiaXan 

PgrfugioD of the isolated rabbit’s ear is a reliable procedure in study 
and assay of vasoconstrictor substances so oh as serum vasoconstrictor, 
angiotonin and some pressor amines. 

APPARATUS 

There hna been little modification of the original apparatus (2). It 
(Tig. 1) consists basically of a constant temperature box in which the ear 
is placed, with arrangements for circulating wanned perfusion fluid under 
pulsatile pressure. 

The incubator box (1 co ft inside), insulated with asbestos and lined 
with copper, is heated by a 100 w lamp controlled by a de Khotinsky 
thermoregulator. Under the lamp a pan of water, covered with wire gauxe 
on which surgical gauxe Is spread, nets as humidifier. 

A complete circuit (fig. 1) of the perfusion fluid through the appa- 
ratus is provided far. Wherever possible, connecting tubing is of glass or 
firm plastio to decrease distensibOity. The fluid begins the circuit in a 1 
liter aspirator bottle, A , from which it passes through a flap valve, B } to 
a heating unit, C. The last consists of a giaae tube 2 X 13 in. filled with 
water which contains a 100 w immersion heater of ni chrome wire in a 
monel metal tube surrounded by a glass coil through which perfusion 
fluid flows. Rubber stoppers secured by bolted disks hold the ends of the 
tube. Circulation and temperature control Is provided by a pump and a 
thermoregulator, consisting of two round-bottom glass tubes, D and E, 
I*/* in. In diameter, connected with the heating unit by outlets. Tube D 
is 9y 4 in. high and oontaina a mercury thermoregulator which activates 
the heater through a 110 v relay. Tube E, 8 x /j in. high, has a piston for 
pumping the fluid from the heater around the thermoregulator. The pis- 
ton is attached eccentrically to a 3 in. wheel driven by a small motor. 
Speed is reduced to about 2 rpm by means of two reducing pulley systems 
and a worm gear. 

The perfusing medium is led from the coil to a small glass chamber, F, 
clamped inside the box. A thermometer is Inserted to measure tempera- 
ture of the fluid. One arm of the chamber is the inlet tube from the heater; 
the second leads perfusion fluid into the cannula, and the third is an out- 
let tub© attached by rubber tubing which leads exoese fluid back to the 
aspirator bottle. Inserted in this return line is a l-w»y glam valve, 0 
(Fig. 2, B). The rubber tubing ends in one arm of a T-tube. The side-arm 
of the T-tube goes into a rubber stopper fitted with a flap valve (Fig. 2, 
A) ; A 60 ml syringe can be attached to one arm of the tube for flushing or 
filling the circuit. 
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water. When it is to be used, more distilled water is pulled through the 
conduits by tho syringe, and finally phenol red is added to the content* 
of the syringe to establish tho fact that all alkali has been flushed away. 
From timo to time, bubbles of air may bo pulled through the tubing to 
aid in dlslodgmont of particles. Tho cannula la kept clean by storing in 
weak alkali. 


PERFUSION FLUIDS 

1. Modified Ringer's solution . — Tho most important factor controlling 
sensitivity of tho preparation is the perfusing medium and, in particular, 
tho ratio of tho various ions. Phoephato ion increases sensitivity and cal- 
cium ion is essential for adequate responsiveness. However, concentra- 
tion of calcium ion must be such that phosphate will not bo precipitated 
and citrated or oxalatcd plasma will not clot when injected into the car 
vessels. It is possible that different perfusing media will bo used for study 
of different vasoconstrictors to achiove maximal effectiveness. We now. 
use tho medium given in Table 1 for study of serum vasoconstrictor. 


TABLE I. — ItoimwB Pxmrusnro Boujtioh 

Bu*rriXc» Ctnrenmino* 

Pbo«pha to buffer pH 7.4 0.01M 

NxCl 8.2 g/1 

KC1 0.84 g/1 

M ( r0 1 -6H I 0 0.06 g/1 

CaCJ 1 -2H f O 0.04 g/1 

GIdooso 1.0 g/1 

Ne-HCOj 0.2-0. 5 g/1 


It is prepared by diluting 100 ml of 10 times concentrated stock solution 
containing all the salts except NaHCOj and phosphate almost to 1 liter. 
To this is added 10 ml of phosphate buffer containing 4 parts of 1M 
K 1 HPO 4 to 1 part of 1M KH T POo the glucoee and NaHCO*, and the sohi- 
'tion is made up to 1 liter. If free chlorine is present in the distilled water, 
it is neoeasary to redistill It from alkaline permanganate. 

2. Plasma . — For study of certain vasoconstrictors (e.g., the vasocon- 
strictor in hypertensive patients) it is advisable to perfuse the ear with 
plasma. In obtaining the blood great care must be exercised that not 
even the smallest clot form. Citrated blood is perfectly satisfactory. The 
syringe is wet with citrate and 0.4 ml of 10 per oent sodium citrate used 
for each 10 ml of blood. After centrifugation the plasma is diluted with 3 
volumes of Singer’s solution. The “preheparinixed plasma” used by 
T.gnHiw ct al. ( 1 ) can alao be employed, but is more expensive and seems 
to add nothing to the reliability of the method. 


PROCEDURE 

Preparation af ear. — The ear of an unaneethetixed New Zealand white 
rabbit is clamped at the base with an intestinal clamp and severed just 
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distal to the clamp with one swift stroke of a sharp scalpel. The skin is 
slit on either side of the central artery for about */< in. and the skin flap 
pulled back and out off. The artery is carefully dissected out and held 
steady with a small hemoetat attached to the end. A small V incision is 
made Into the artery cloee to the hemoetat and the glass cannula inserted 
and tied with silk. "Warm Ringer’s solution is used to wash out the re- 
maining blood and insure patency of the out ends of the veins. The whole 
procedure can be completed in 2 or 3 min. Altho ugh speed is desirable, it 
is not essential, since ears difficult to cannula te either because of inexperi- 
ence of the operator or sire of the artery have proved satisfactory. 

The ear is placed on the draining plate, secured with adhesive tape, 
and a piece of string placed against the cut surface to lead the perfusate 
into the collecting funnel. The cannula is connected and the perfusion 
solution (37 C) allowed to flow through the ear. Position of the ear must 
be correct, Le., the artery straight, but not tenso or twisted, and the sys- 
tem free of air bubbles. When perfusion is first started it may be Decen- 
nary to use pressure of 40-60 mm Eg, but after a few minutes systolio 
pressure is usually about 10 mm for drop rates of 20/min when modified 
Ringer’s solution (Table 1) is employed. 

Injection of vasoconstrictors . — Injections usually of 0.1 or 0.2 ml are 
made through the serum bottle stopper with a 0.6 or 1 ml tuberculin 
syringe fitted with a y»Ln. 27 gauge needle. Before injection the drop rate 
must be adjusted to the desired constant value by controlling air pres- 
sure, and the previous constriction must be completely over; Le., drop 
rate must have reached a constant level This may be 00-110 per cent of 
the rate prevailing before the previous injection. Care is necessary since 
prolonged constriction may be followed by momentary dilation. After 
each of the first two or three constrictions are over, drop rate may be 
faster and pressure may need to be lowered to retain the control drop 
rate. 

It has not been found necessary to observe the precautions taken by 
Landis et aL (1) to prevent cooling of the ears while opening the door for 
the few seconds required to make an injection. It is impossible in our 
preparation to observe any constriction of the kind they describe, even 
when the door is opened purposely for prolonged periods. 

Sensitivity of ear wads . — Usefulness of the ear as an instrument for 
assay depends on its sensitivity. This is greatly enhanced by injection of 
fresh serum or adrenalin. Routinely, the first injection consists of 0.1 ml 
of fresh cattle or dog serum plus 0.1 ml of 2 X 10 adrenalin. The serum 
may be kept fro ten and thawed immediately before use. Following this, 
02 ml of serum dilated 1 : 10 with Ringer's solution should give at least a 
6 min constriction at a oontrol drop rate of 20/min. If the ear is insuffi- 
ciently sensitive, undiluted serum or adrenalin is reinjected. Repeated 
constrictions increase sensitivity and seem to prevent formation of 
edema. The latter, however, does not decrease usefulness of the ear. If 
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water. When it is to bo used, more distilled water is pulled through the 
conduits by f ho syringe, and finally phenol rod is added to the contents 
of tho syringe to establish tho fact that all alkali has been flushed away. 
From timo to time, bubbles of air may be pulled through the tubing to 
aid in dislodgmrnt of particles. The cannula is kept clean by storing in 
weak alkali. 


PERFUSION FLUIDS 

1. Modified Ringer’ * solution . — The most important factor controlling 
sensitivity of the preparation is tho perfusing medium and, in particular, 
the ratio of tho various ions. Phosphnto ion increases sensitivity and cal- 
cium ion is essential for adequate responsiveness. However, concentra- 
tion of calcium Ion must bo such that phoephate will not bo precipitated 
and citratod or oxalated plasma will not clot when injected into the ear 
vessels. It is possible that different perfusing media will be used for study 
of different vasoconstrictors to achieve maximal effectiveness. We now. 
use the medium given in Table 1 for study of serum vasoconstrictor. 


TABLE 1.— Rournne Pkjwuiwo Solution 

Bd»*TiWCt OoVCimiTTO* 

Phosphate buffer pH 7.4 0.01M 

NaCl 8.2 g/1 

KQ O.&ig/l 

MgCli*6HtO O.Oflg/1 

C*C1i-2HjO 0.04 g/1 

Glucose 1.0 c/I 

NaHCOi 0.2-0. fi g/1 


It is prepared by diluting 100 ml of 10 times concentrated stock solution 
containing all the salts except NaHCOi and phosphate almost to 1 liter. 
To this is added 10 ml of phoephate buffer containing 4 parts of 1M 
KjHPO* to 1 part of 1M KH1PO4, the glucose and NaHCOi, and the solu- 
-tion is made up to 1 liter. If free chlorine is present in the distilled water, 
it is necessary to redistill It from alkaline permanganate. 

2. Plasma . — For study of certain vasoconstrictors (e.g., the vasocon- 
strictor In hypertensive patients) it is advisable to perfuse the ear with 
plasma. In obtaining the blood great care must be ererciBed that not 
even the smallest clot form. Citratod blood is perfectly satisfactory. The 
syringe is wet with citrate and 0.4 ml of 10 per cent sodium citrate used 
for each 10 ml of blood. After centrifugation the plasma is diluted with 3 
volumes of Ringer’s solution. The “preheparinised plasma” used by 
Landis sf aL (1) can also be employed, but Is more expensive and seems 
to add nothing to the reliability of the method. 


PROCEDURE 

Preparation of ear . — Tho ear of an unanosthetisod New Zealand white 
rabbit is dam ped at the base with an intestinal damp and severed just 
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TTT . Lawen-Trendelenborg Preparation for Perfusion of 
Hindleg of Toad 

CARLOS E. RAPELA. Intiiluio dt BuJoara y U*dici»a optrimtnfal, 

Bwmot Atrrt* 

PROCEDURE 

a) Material. — Marriott© flask ; glaae cannula or round tip needle for the 
aorta and glass cannula for tho abdo minal vein; if any substances arc 
to be tested in small amount, a T-tube with a needle and a syringe 
adapted at its free branch (Fig. 1, F, T-T); rubber tubing for connec- 
tions between aortic cannula, T-tube and Marriotte flask ; cork board for 
toed; pins. Perfusion liquid: any adequate frog perfusion liquid, such as 
HQlse’s (2) : NaCl 140 g, KC1 10 g, sodium citrate 100 g, distilled water 
to 1000 ml (keep in refrigerator to the moment of use and dilute 20 
times before using). 

b) Technique. — The toad is fastened on its back on a frog board after 
its medulla and brain have been destroyed with an appropriate needle. 
The sldn and abdominal muscles are cut transversely at the level of the 
xiphoid process (Fig. 1, 1, TS ). This incision is extended caudally as two 
lateral incisions approximately 1 cm from the midline (7, IT). The ab- 
dominal vein {II, in, AVL ) is tied, severed between this tie and the 
liver, and the abdominal flap is reflected caudally (77, 777, TV, AF). The 
peritoneum in the posterior abdominal wall and the peritoneum from 
the bladder to the abdominal wall (77, 777, P) is cut at both sides, ex- 
posing the retroperitoneal organs. The aorta is tied and cut as high as 
possible (17, AL). The vein {III, V) which passes from the bladder to the 
abdominal vein in a fold of the peritoneum (717 . PF), clearly seen when 
the abdominal flap is turned over and the bladder pulled toward the 
head, is tied and cut between the ligature and tlte bladder (777, B). 

After the bladder is freed a mass ligature (7F, ML), pa*ed behind the 
bladder, rectum and both renal portal veins (IT, PF), is tied. The blad- 
der and intestines are severed proximal to the tie and all the abdominal 
organs removed, exposing the aorta. A cannula connected with the 
Marriott© flask (7F, F, MF) is inserted in the aorta just distal to tho 
ligature (7F, AL) and tied in place just proximal to the bifurcation 

Tanut Collarm! u RookmldUr Fellow, Bowman Qmy School of Medicine of Wake 



128 


PERFUSION SYSTEMS 

the ear is to bo idle for a protracted period, it is beat to inject oerrnn and 
reduce perfusion pressure so that prolonged constriction result*. An ear 
used successfully with increasing sensitivity during the day can be kept 
overnight in tho refrigerator and used for a number of hours the next 
day. 

Calculation of degree of vasoconstriction . — Wo bavo found it convenient 
to report the degree of vasoconstriction in terms of per cent constriction 
of a certain duration. Tho number of drops is counted from the time 
vasoconstriction is first observed until it is virtually over (A). This value 
is subtracted from the number of drops there would have been had no 
constriction occurred, Lo., tlmo in minutes multiplied by initial constant 
drop rato (T). Tho value 100 {T— A) divided by T is tho per cent con- 
striction. Tho valuo T — A is also the voluo of tho area under the curve 
(timo against number of drops /min) plotted by Landis et aL (1). 

Unfortunately, there is no simple mathematical expression combining 
initial drop rate, duration of constriction and degree of constriction. The 
slower tho drop rato and the lower the pressure, tho greater the duration 
and degree of constriction. In practice, when vasoconstriction caused by 
two solutions is to be compared, it is advisable to keep the initial drop 
rate constant, thereby eliminating one variable. An axample of the assay 
follows. 


TABLE 2. — ExAUfLK or Assay or Sr.ruu VASoooKimuora* 


(Initial drop rate 20/min) 


Mix nvci Btarxxixo 
or Cowtmctiox 

* 

tv. 

3 

,* | , 

«■/. 

n~ 

Solution lajMUd 

Total No. of Drop* 

Control 

6 + 

0 

12+ 

10 21 

27 

34 Vt 

Unknown diluted 1:200 

0 

87, 

11- 

18V* 19 

20+ 

25- 

Unknown diluted 1:300 

7 

lo 1 /* 

IS 

107* | 267, 

S3 

417* 

Control 

6 

e 

12 

10 21+ 

20+ 

SS 

Unknown diluted 1:260 

0- 

9- 

12 

10- 21 

27 

34 


Example: Since degree of response to injection of a substance varies from ear 
to ear and from time to time in the same ear, all eolations to be assayed must 
be compared with a control solution, l.e., hypertensive plasma with norma] 
plasma and serum vasoconstrictor at various degrees of purification with a 
stable, although impure, preparation that can be kept over long periods. Use 
of very dilute solutions of adrenalin is impracticable because of its instability in 
■ligh tly alkaline solutions. In practice, dilution of control serum vasoconstrictor 
Is selected which will give constriction of 3-4 min duration at a basal constant 
drop rate. This solution is injected alternately with varying dilutions of the 
unknown solution until control and unknown give identical constrictions. Drop 
rate is counted at Vt min Intervals beginning at the first indication that con- 
striction has started. With this procedure, variations of 26 per cent in concen- 
tration of serum vasoconstrictor can be determined. 

— This section was reviewed by Eugene M. Duidis, 
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L Microscopic Observations of Circulation in Rat 
Mesoappendii and Dog Omentum: Use in Study of 
Vasotropic Substances 

BENJAMIN' W. IYVEIFACH. Ccrjwfl VnatrrUs 

Direct yisuauxation of the capillary bed offcre a means for studying 
reactions of the several components of the peripheral circulation under 
carefully controlled conditions. Significance of the observations depends 
largely on precautions taken to maintain the exposed ti«ues under as 
normal conditions os possible. Local tissue change* seriously interfere 
with the precisely balanced, spontaneous vascular phenomena of local 
and systemic origin which regulate peripheral distribution of blood (1). 

In the mammal some form of anesthesia is routinely used to Immo- 
bilise the animal for experimental procedures. Specific effects on different 
functions of the organism which each anesthetic agent introduces, in 
addition to those attributable to the over-all anesthetic action, require 
careful consideration in studies on peripheral circulation, where specific 
drug action of various anesthetic agents profoundly alters vascular re- 
activity to ohemical substances and physiologic stimuli (7). Depth of 
anesthesia is also important. It is preferable in experiments on the 
peripheral vascular apparatus to m aint a i n the animal in the upper finrt 
plane of surgical anesthesia. Under such conditions ooraeal reflexes are 
brisk and respiratory movements of tho thorax relatively unaffected. 
For small mammals such as the rat, sodium pentobarbital or seconal 
has been satisfactory. In young rats (100-125 g), average anesthetic dose 
administered intramuscularly is &-3.S mg/100 g body weight and in 
older rats, 3 .5-4.0 mg/100 g body weight. For the dog, 30 mg/kg of 
sodium pentobarbital is Injected intravenously, the final 60-75 mg being 
administered slowly while reflexes and respiration are checked re- 
peatedly, 'When dog amentum is to be studied, it is possible to use 
morphine sulfate (0-8 mg/kg) intravenously, with local infiltration of 
1 per cent procaine to facilitate the abdominal surgery. 

In selection of a tissue for microeoopic study two requisites should be 
met: (a) preparation of the tissue should involve an absolute minimum 
of trauma, and (6) the vessels in the observed field should lie sufficiently 
in one piano so that the extent of their conrao from arteriole to venule 
Ml 
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(TV, AC ). An incision is made in tho abdominal vein near the tie and 
perfusion is begun. After the perfusion liquid draining out becomes <-Wt 
a glass cannula is inserted in the abdominal vcdn (IV, AVC) and the 
drops issuing from it are counted or recorded (see p. 72). Perfusion pres- 
sure ( V-PP ) must not bo more than 18-20 cm of wator, which gives an 
outflow of 40— 00 drops/min. Any obstacle to outflow on the venous side 
on either volns or cannula must bo avoided. Sensitivity increases for 
several hours, hence it is bettor to wait 2 or 3 hr before making a trial. 
Tho mochanical effect 6f the volume of liquid injected in the inflow 
tube is immediate and may bo discarded with a control sample. 




The schema of the arterial and venous system of the circulation of the 
hindlegs (VI) shows how perfusion is established. Liquid infused by way 
of the aorta (A) circulates through the common fliaca ( Cl) to the hind- 
legs and returns by way of the femoral (FV) and sciatic (SC) veins to 
the abdominal vein (AV). 
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L Microscopic Observations of Circulation in Rat 
MesoappendLr and Dog Omentum: Use in Study of 
Vaso tropic Substances 

BENJAMIN W. 2WEIFACH. Cmwfl Urri*rrtxl t 

Dih£ct vikualuatjon of the capillary bed offers a moans for studying 
reactions of the several components of the peripheral circulation under 
carefully controlled conditions. Significance of the observations depends 
largely on precautions taken to maintain the exposed tissues under as 
normal conditions as possible. Local tissue changes seriously interfere 
with the precisely balanced, spontaneous vascular phenomena of local 
and systemic origin which regulate peripheral distribution of blood (1), 
In the mammal some form of anesthesia ia routinely used to immo- 
bilize the animal for experimental procedures. Specific effects on different 
functions of the organism which each anesthetic agent introduces, in 
addition to those attributable to the over-all anesthetic action, require 
careful consideration in studies on peripheral circulation, where specific 
drug action of various anesthetic agents profoundly alters vascular re- 
activity to chemical substances and physiologic stimuli (7). Depth of 
anesthesia is also important. It is preferable in experiments on the 
peripheral vascular apparatus to maintain the animal in the upper first 
plane of surgical anesthesia. Under such conditions corneal reflexes are 
brisk and respiratory movements of the thorax relatively unaffected. 
For small mammals such as the rat, sodium pentobarbital or seoonal 
has been satisfactory. In young rats (100-126 g), average anesthetic does 
administered Intramuscularly is 3-3.6 mg/100 g body weight and in 
older rats, 3.5— 4.0 mg/100 g body weight. For the dog, 30 mg/kg of 
sodium pentobarbital is injected intravenously, the final 60-76 mg being 
administered slowly while reflexes and respiration arc checked re- 
peatedly. When dog omentum is to be studied, it ia possible to use 
morphine sulfate (0-8 mg/kg) intravenously, with local infiltration of 
1 per cent procaine to facilitate the abdominal surgery. 

In selection of a tissue for microscopic study two requisites should be 
met: (a) preparation of the tissue should involve an absolute minimum 
of trauma, and (b) the vessels in the observed field should lie sufficiently 
In one plane so that tho extent of their course from arteriole to venule 
131 
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can bo kept under continuous observation. Data on single isolated 
capillary loops or small sections of a vessel arc highly unsatisfactory and 
frequently misleading. 

Essential to understanding of the functional activity of the peripheral 
vascular apparatus is recognition that the architectural pattern of the 
capillary bed varies in different regions of the body according to the 



Fio. L — Appormtu* for *tudy of dreolstJoa of mr*o*pp«KQr of r*L Asjtttbedtcd 
animal on rat board, 7. attached to S-irar morement. 8, leaving tall acceadble for 
in tra Tenon* in}eetkm«. j , 1 ml Florence fla«;J, 60mlErlenmeywnaak;5,thtirnxirega- 
lator; 4, nlchrome beating element; 6, s cr ew damp; 6, 17 gan^ bypodermlo 
noodle; 0, lamp; 10, mlcroaoope. 

functions performed (2). The basic function of the capplary system in 
tiMUee such as the mesentery or skeletal muscle is nutritive. In certnm 
organs, because of specialised functions, atypical arrangements of the 
vascular bed exist and mask the basic nutritive pattern, ® 8 in the liver 
spleen and kidney. It is also true for the vessels of the skin which, L * 
readily accessible, arc frequently used for microscopic study of the ■ ' 
lotion. However, identification of the vascular components in ■ 
often complicated by anastomose* between superficial - ■ 
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more deeply placed venous plexuses. A further disadvantage is the diffi- 
culty of applying substances directly to the cutaneous vessels, a proce- 
dure which serves to locate and to quantitate changes in their functional 
reactivity. Satisfactory regions for microscopic study of the peripheral 
circulation in the skin are the interdigital web of the rat, ear of the 
mouse or rabbit and corneoscleral junction of the rabbit eye. 

Of visceral structures sufficiently transparent for detailed study of the 
peripheral blood vessels, the mesentery and omentum are the moat useful. 
For routine wofk the so-called mesoappendix or mesocecum of the rat, a 
triangular flap of mesentery lying between the cccum and the terminal 
portion of the ileum, is readily prepared for microscopic study (6). In the 
dog and cat, the omentum is most suitable (0). The intestinal mesentery 
was avoided because of continued and pronounced peristalsis and diffi- 
culty in preventing edema of the exposed loop. 

PROCEDURE IN RAT ifESOAPPENDIX 

Animals . — A Wiatar strain of rats, 40-50 days old, weighing 100-125 
g, is satisfactory'. 

Microscope equipment . — An ordinary laboratory microscope; prefer- 
ably binocular, with the stage removed is used. A 16X ocular in com- 
bination with a 4X-10X objective gives adequate magnification. The 
upper lens of the substage condenser is removed so that the light is 
focused about 1 cm above the level of the stage. A low voltage lamp (8 v, 
3-6 amp) is the source of light (Fig. 1, 0). 

Rat board . — Tire rat is mounted on a 0 X 4 in. board attached to a 3- 
way rack and pinion manipulator movement (Fig. 1,7). One comer of 
the board is cut out to include a glass plate on which the tissue to be 
transflluminated is placed. The exteriorised tissue is draped over a glmw 
horseshoe made from strips of glass about */• in. wide, the width of the 
TJ being l / A in. and the length of the sides */ t in. 

Drip mechanism . — The exteriorised tissue is kept moist and warm by 
irrigation with Ringer’s solution containing 1 per cent gelatin. Powdered 
ash-free gelatin is dissolved in Ringer’s solution by warming the mixture. 
Before use the mixture is filtered through coarse filter paper under suc- 
tion. Several drops of a 1 per cent solution of phenol red is then added, 
giving a yellow color. Sodium bicarbonate powder is carefully added 
until the color changes to the pink color range corresponding to pH of 
7.0-7 .2. A 1 liter Florence flask serving as a reservoir in turn is connected 
to a 60 ml Erienmeyer flask, having three si deamts, one for inflow of the 
Ringer-golatin mixture, one for outflow and one for withdrawal of fluid 
from the flask. The flask is heated by a ni chrome heating dement. An 
immersion mercury thermoregrilator connected to a suitable relay main- 
tains temperature of the solution. A screw damp on the rubber tubing 
leading from the Erienmeyer flask to a 17 gauge needle, freely movable 
on a ball and socket joint, controls rate of outflow onto the exposed tissue. 
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can bo kept under continuous olwirvation. Data on single isolated 
capillary loops or small sections of a vessel nro highly unsatisfactory and 
frequently misleading. 

Essential to understanding of the functional activity of tho peripheral 
vascular apparatus is recognition that tho architectural pattern of the 
capillary bed varies in different regions of the l»ody according to the 



Fio. 1.— Apparatus far «tady of circulation of nwwappcndbc of rat. Anesthetized 
animal cm rat board, 7 attacked to 5- war movement. 8, leaving tall aecerfnJe for 
IntraTOionfl Infections. i , 1 ml JTorenoe flask;!, BOmlErlenmeyerflaek;!, thmno regu- 
lator; 4« nienrome heating element; 6, •crew damp; f, 17 gau*o hypodermic 
needle; 9, lamp; 10, microscope. 


functions performed (2). The basic function of tbo capillary system in 
tissues such as the mesentery or skeletal muscle is nutritive. In certain 
organs, because of specialised functions, atypical arrangements of the 
vascular bed exist and mask the basic nutritive pattern, as in tbo liver, 
spleen and kidney. It is also true for the vowels of the skin which, being 
readily accessible, are frequently used for microscopic study of the circu- 
lation. However, Identification of the vascular components in the skin Is 
often complicated by anastomoses between superficial vessels and tho 
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To uso the epinephrine response as a quantitative index of chan gee in 
functional state of the capillary bod, observations must bo confined to 
tho same eeloctod vosaol throughout This is nocessary, since the thresh- 
old response to opinephrine varies with different arterioles in the saxno 
tissue. 

Epinephrine solution. — A stock solution of 1:100,000 is prepared. 
Dilutions ore mado with Ringer-gelatin m odium in a 1.0 ml tuberculin 
syringo and applied through a 17 gauge needle to tho surface of the ex- 
posed mesoappendhe. An important factor is temperature of the Ringer- 
gelatin solution used to dilute the epinephrine. Cold Ringer’s solution 
applied to the mesentery will itself cause vasoconstriction. The diluting 
medium should therefore be kept at body temperature on a wanning 
tablo or in a water bath. The stock solution of epinephrine should not be 
wanned, since the amounts used are small in comparison with the 
volume of diluting solution. Tbe routine is first to use a dilution of 
opinephrino which is on tho average just below that required to cause a 
viaiblo constrictor effect; 1 part in 6,000,000 has been found suitable for 
this purpose. 

Determination of epinephrine threshold. — The drip bathing the mesen- 
tery is turned to one sido and 3-4 drops of a 1 : 6,000,000 concentration of 
epinephrine applied to the tissue surface. Tho tost should be repeated 
with increasing or decreasing concentrations of epinephrine until a dilu- 
tion is reached which causes a threshold constrictor responeo. The type 
of reaction to be looked for is moderate narrowing of tho terminal orteri- 
oles and precapfllariee, just sufficient to alow blood flow through the 
capillaries and tributary venules in 15-20 sec. This minimal effective or 
threshold concentration should be rechecked several times. Between 
each epinephrine test the drip is restored to tho tissues. Tests should not 
bo made more often than at 3 min intervals, since repeated application of 
opinephrine sensi tires tbe vessels to tbe drug. 

Criteria for normal stats of preparation. — Most satisfactory results 
were obtained with preparations meeting the following criteria. 

1. When 3-4 drops of epinephrine is applied to the surface of the 
moeontery, terminal arterioles and precapillaries should respond to 
concentrations between 1 : 1,000,000 and 1 : 5,000,000. In several thou- 
sand rats, prepared as described, a satisfactory reaction has been ob- 
tained with concentrations of 1:2,000,000-1:4,000,000. Preparations 
which require threshold concentrations greater than 1:1,000,000 are 
abnormal and should be discarded. Occasional animal* show an. caphyxic 
type of response owing to presence of mucus In the trachea, mild pneu- 
monia or poor respiration following excess iv e anesthesia, Such prepara- 
tions will show an abnormally heightened epinephrine reaction and 
should also be discarded. 

2. Blood flow through the capillary bod should be intermittent. A 
continuous, rapid flow through all of the capillary vessels indicate* 
abnormal dilatation of the larger blood Yf*eels feeding the tissues. 
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Drip should be adjusted so that 50-00 drops /min maintain the tempera- 
ture, estimated by an ordinary mercury thermometer, at 37-38 C. 

Temperature . — Accuracy of the test depends on maintenance of a 
constant level of vascular reactivity throughout. Fluctuations in tem- 
perature of tho fluid bathing tho tiBsuo alone will cause changes In re- 
sponse of the peripheral blood vessels. Temperatures of 30 C or below 
make the vessols hyper-reactivo; thoeo above 38 C dflato the vessels 
and make them less rcsponsivo to stimuli. To avoid fluctuations in tem- 
perature of tho drip fluid, it is important to maintain the room tempera- 
ture at a given level, preferably about 75 F, and to avoid drafts or fre- 
quent opening and closing of doors leading to the room. 

Anesthesia .* — Intramuscular injection of 3-3.6 mg of sodium pento- 
barbital or accana*! per 100 g of body weight produces light surgical 
anesthesia. Owing to considerable individual variation, an attempt 
should bo mado to produce comparable planes of anesthesia in the differ- 
ent animals. Tho rat, properly anesthetized, should not react to painful 
cutaneous stimuli. Ovcranesthctixation will depress completely the 
reaction of terminal vascular bed to vasoconstrictor agents. 

Drip solution . — Probably tho moet important feature for maintaining 
normal conditions, aside from temperature, Is continuous irrigation of 
the exposed tissue with a colloid-containing salt solution (1). Tho effec- 
tiveness of adding gelatin to the perfusate is shown by the fact that with 
Ringer’s solution alone It was not possible to prevent edema or petechial 
hemorrhages or to maintain the preparation for more than 1 hr without 
progressive Io« of responsiveness of the vascular components. With 1 
per cent ash-free gelatin in Ringer’s solution, the normal state oouJd bo 
maintained aa long as 3-4 hr. 

Exposure of tissue . — An indsian about 1 in. long is made in the lower 
right quadrant of the abdomen and the cecum is exteriorised by gentle 
pressure on the abdominal wall. It mav be necessary to bring the oecum 
through the indeian with rubberixed forceps, but at no time should gut 
be stretched or pulled. Excessive handling causes the vessels to beocane 
unduly dilated and unresponsive. The exposed tissue is completely cov- 
ered by cotton moistened with warm Ringer-gelatin solution. Before the 
rat is transferred to the board, temperature of the drip is given a final 
check. A glass horseshoe is gently inserted between the cecum and the 
terminal end of the ileum so that the triangular flap of mesentery is 
draped over the glass support without stretching of the tissue. The ex- 
posed portion of gut is covered with moist cotton and the Ringer-gelatin 
drip is directed onto the mesentery. The preparation is now ready for 
mlcroscopio study. # 

Selection aj vessel . — To permit direct comparison of results m different 
animals, vessels of the same type should be selected far reactivity studies. 
The observer should become familiar with the characteristic appeoranoe 
and distribution of the terminal arterioles (about 15-20 M in diameter) 
and their type of branching, especially of the preoapillary sphincters. 



CntClTLATION IN MESOAPPENPIX AND OMENTUM 13/ 

components of the vascular tree to blood-bomo principles. Their reaction 
to epinophrino topically applied provides ft criterion for semiquantitfltivo 
assay of principles whoso notion is primarily on tho peripheral blood 
vessels. Under carefully controlled conditions rrsimiso of tho peripheral 
vessels to cpincphrino remains fftirlj' constant. Consequently, any devia- 
tion from tho control ty]>o of response to cpincphrino which follows 
/systemic injection of test sidwtanccs oould bo used aa an indication of 
their vnsot topic activity. 

Administration of test material . — Tho skin of the tail is rubbed lightly 
with xylol to increase visualisation of tbe tail veins and about 0.5 ml of 
tho agent is injected with a 27 gaugo nccdlo. Introduction of greater 
volumes is unsatisfactory. The injection should be made slowly and with 
care that blood can bo drawn back into the syringe at tho end of tho in- 
jection. The pH of solutions other tlian blood should be carefully con- 
trolled. Whenever possible with chemical preparations, extraneous sub- 
stances which produce side-reactions, e^., potassium and ammonium 
sulfate, should bo removed by exhaustive dialysis. 

Rcrponse *. — Tho samples ore classified under three categories. 

1. Neutral. Many samples havo no demonstrable effect on capillary 
vessels. For oxampie, normal blood plasma or serum cmraes only a very 
transient speeding of the capillary flow. 

2. Vasoexdtor. In this category aro placed samples which enhance the 
reactivity of the terminal arterioles to epinephrine. After injection of 
suoh s substance comploto cessation of capillary blood flow is usually 
obtained with threshold concentrations of opinephrino which normally 
produce only partial slowing of flow. Tbo minimal effective concentra- 
tion of epinophrino with vasoexcitor agents is frequently as low ns 
1:20,000,000-1:30,000,000, a 6-10 fold chan go from control values. 

3. Vasodepressor. Many samples depress epinephrine reactivity or 
completely abolish it. Thus, the normally effective threshold concentra- 
tion of epinephrine, when topically applied, produces no visible change in 
the capillary bed. Occasionally, with some samples a moderate response 
to epinophrino persists, the reaction to opinephrino appearing much 
slower than normally and producing only transient slowing in capillary 
blood flow. Such samples are designated mild depressor** 

The vaao tropic activity of different samples is com pored by noting 
duration of the vascular effect obtained. Different vasodepressor samples 
depress epinephrine reactivity for 4-25 min and ore graded accordingly. 
A more quantitative evaluation of the samples can bo obtained by ascer- 
taining the precise concentration of epinephrine needed to produce a 
threshold typo of constrictor responso. These values con then, be plotted 
on a time concentration curve. 

On the average, only two samples are tested on a given rat. When the 
initial injection produce* pronounced vascular effects the animal is dis- 
carded after only a single test. No tests arc mado on nnfmqlj which have 
been on the rat board more than 50-60 min. 
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3. Thoro should be a minimum of leukocytic sticking or dinpedesifl in 
tho venulca. 

4. No capillary stasis or stagnation of blood should be present. 
Potochial capillary hemorrhages indicate undue handling of tho prepara- 
tion or an abnormally high drip temperature. 

6. Tho larger arteries and wins in the mrsoappendix are 100-250 m 
in diameter. Under normal conditions the artery is usually somewhat 
narrower than its accompanying win. 

PROCEDURE IN DOO OMENTUM 

To prepare tho omentum, a transverse incision is made on tho left side 
just below the lost rib with tho dog lying cm its back. A portion of the 
omentum is withdrawn and inserted In a thin rubber sheath, the edges of 
which aro sewn to tho peritoneal margins of the wound. When ready for 
study the outer end of the sheath is fastened to the side of a specially 
prepared moist chamber cm a stage under a microscope. A small part of 
the omentum, protruding from the sheath, is now gently spread over a 
horaoshoo-shaped ribbon of glass which rests on the bottom of the cham- 
ber. Tho excess folds of omentum around the horseehoo lie on and are 
covered with cotton. All exposed tissue beyond the sheath is con- 
tinuously irrigated with a drip of Ringer-gelatin solution kept at body 
temperature. Tho obeorved portion of the omentum must be kept un- 
covered because of its tendency to exude a tenacious opaque material 
when in contact with solid surfaces. 

Every possible precaution is taken to minimise trauma while exposing 
the tusue. Not only should there be good capillary flow, but the vessels 
should retain their normal responsivenesB to stimuli. A routine test for 
this is topical application of a few drops of histamine or epinephrine. 
Injury to n tissue tends to dilate the vessels so that the dilator response 
to histamine is minimised and also eliminates specific differences in con- 
strictor responses of the various vessels to epinephrine. For dog amentum, 
under pentobarbital anesthesia, the minimal effectiw concentration of 
epinephrine is 1:4,000,000-1:5,000,000 and, of histamine, approxi- 
mately 1:1000. The dilutions are always made in Ringer-gelatin solu- 
tion. During topical application, the Ringer-gelatin drip is stopped. 
Four to 5 drope of a given reagent ia then deposited while the tissue is 
under view through the microscope. A reaction is looked for in the first 
20-30 sec and is regarded as negative if no change occurs. At least 3-4 
min ig allowed to elapse between separate tests. 

eat mrso appendix test for vasotsopjc agents 

The reactions in the peripheral vessels are sufficiently consistent 
and selective to serve ns specific criteria far detection and assay of blood- 
borne vaso tropic substances (8, 4). The rat meaoappctidix is highly 
Batisfactory for this type of assay. Especially suitable are the terminal 
arterioles and precapfflariea, since they represent the most rceponara 
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H. Transparent Chamber Technique 

HIRAM E. ESSEX, JI*po r** »4atim 


Hi rough the work of Sandieon (14) and Clark and his students (7) 
transparent chambers placed in the ears or other part* of the body o ( 
animals have become standard in a variety of investigations, Algire (4) 
devised * chamber for use in study of tumor growth in mice. One of the 
simplest chambers to prepare is the modification by Sanders and 
associates (13) of that of Clark. My colleagues and I have used this typo 
of chamber for several years with tatigfactfon. 


APPARATUS 

a) Chamber *. — Of the various plastics used in fashioning transparent 
chambers, lucite is the moat satisfactory from ail points of view. The 
chambers can be msdo in any well equipped ah op. EsaeotiaJ tools and 
materials follow. 


15<rorr*»BT 

I. Metal- taming lath* 

*) bwvtHng tool 
b) narrow cutting tool 
e) drfDL diameter 7 mm 
d) millimeter eaflper 
k Emery wheel 
X Drffl, 1 nun 
A File, fine 
6- Screw damp 
ft. Emery paper, very fine 

7. Qlaaa taWn* — drawn to auxilary 

8. Directing mlcroaoope (deairabfe) 


lUrnut 

1. hudte har 25 mm In dian^Ur* 

1 Sheet* of mica 0. 1 mm thick 
X KodaWd 70 a thick 
A Copal *lt» 

A Ethyl acetate (pure aolotnn] 

6. Threaded rods with nut* 

7. £Hw polish 

8. Polkblng aflk (rtocJdng aatiafactory) 


Procedure* used by our technician, W. A. Meeker, in making the 
chamber* follow, 

1. The lucite bar i« centered in the lathe and a hole 7 mm in diameter 
drilled in th e center to a depth sufficient for making several disk* 1,5 
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Precaution *. — Many materials, In addition to their peripheral effects, 
cause severe mdo-roactions such os gasping, cyanosis, cessation of res- 
piration or complete abolition of heart action for 20-G0 sea Such 
reactions invalidate tho mesoappendix test, since they produce severe 
general vascular reactions which mask the purely peripheral effects of 
tho substances injected. For this reason, such substances should be 
diluted until only peripheral vascular effects are obtained, with no 
evidence of the general si do-reactions. 

Ccrmmeni by M, Stanley Bennett 

Dr. ZwcLfach might have discussed various other iHumlrtnticm systems, such 
os the quarts rod of Knieely, Ultra-pac and Book typo of vertical niuminators. 
Thceo devices allow observation of vessels which cannot be studied by the method 
ho describes. A now development in this field is application of phase micros- 
copy. Tho discussion of tho care and methods necessary for preserving normal 
phywologio conditions at tike observed area is excellent. 

The following rcfcrcncee contain additional techniques for microeeopic study 
of living tissues: 

Bennett, A. IL: Phaso difference microscopy for transparent objects, Anat. Rec. 
89: 547, 1944. 

Bennett, A. U., et aL: Phaao microscopy, Tr. Am. Microscop. 8oc. 05: 99-131, 
1940. 

Ellin ger, P., and Ilirt, A.: Mieroacopie investigations of living organa: I. Method— 
intra vital microscopy, Ztachr. f. Anat u. Kntwcklngsgcach. 00: 791-602, 1029. 

El linger, P., and Ilirt, A.: Method of study of living organs with highest magnifi- 
cation in fluoreaoent light (Intra vital microacopyX in Abderhalden, E. (ed.): Hand- 
buck dtr bictoguckm ArbdUmeiJtodcn (Vienna: Urban A Schwarxcnberg), pi 6, 
sect. 2A PP- 1753-1754, 1030. 

Knlaoly, SI. : Method of iPumina ting living structure* for micraeooplc study, A net. 
Rec. 04:490-623, 1936. 

KniseJy, M.: Fosod quarts rod method of illuminating living structures for miero- 
aooplo study, in McClung, O. E. (ed.): Handbook of Microsc opi cal Tsehtupu (New 
York: Paul B. Hoober, Ine^ 1937), pp. 6S2-642. 

Knlsely, M. : in Cowdry, E. V. (<*L): Microscopic Ttckniqu* in Biology and Medi- 
an* (2d od.; Baltimore: Williams A WlUdna Company, 1048X 

Zernioke, F.: Phase oantrast: New method for mlcroocoplo observation of trans- 
parent object!, Phyrioa 9: 675-693; 074-086, 1942. 


Comment by Harold D. Green 

Dr. Kunxe in our laboratory has experienced same difficulty with sodium pen- 
tobarbital. Urethane in a doee of 160 mg/100 g ad min istered intramuscularly 
has proved to be more satisfactory. 

REFERENCES 

L Chambers, R., and ZwaHach, B. W.: Topography and function of meaenterfc 
cap i llar y tdnmlation. Am. J. Anai 75: 173, September, 1644. 

2. Chambers, li. and Zwdfach, B. W.: Funotkmal activity of blood capillary bed 
with special Te/erenoe to viaoaral tissue, Ann. New York Acad. So. 46: 063, 
September, 1046. 
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cover, is mado as is piece 1, except that the hole is 12-14 mm in di- 
ameter. Tbo bottom, or piece 2, is a simple disk 1.6 mm thick and the full 
dxe of the Incite bar. 

Other modifications (6) of the chamber have been described, such as 
the "bay" and "moat" chambers, developed for investigation of special 
problems in pathology and pharmacology (1). I have not used these 
types, but appreciate their value. 

b ) Stock far restraining animal m . — A satisfactory restraint should meet 
the following requirements: (1) the animal must be able to assume a 
natural position; (2) it must be comfortable; (3) movements must be 
strictly limited. A stock is mado in which the animal can stand in a 
normal manner. The belly is supported by a wooden or canvas cross- 
piece, and canvas is drawn over the animal’s back and laced securely. 
A yoke is. placed over tbo neck and held In place by winged screws. The 
head is kept in a constant position by a noee-pioce that reduces lateral 
movement to a minim um. An animal in such a stock may bo observed 
for long periods without great difficulty. The ear can be placed under the 
microscope without distortion or twisting. 

PROCEDURE 

For best results, strictly sterile precautions must be observed through- 
out the operation. 

All plastic chambers used to date have been Injured by boiling, so they 
must be sterilised by chemical means. The chambers are immersod in a 
1 : 1000 aqueous solution of roorthiolate at least 2 hr before being used, 
then washed in sterile salino solution and placed on the sterile table for 
the operation. 

The ear of the dog or rabbit is clipped or shaved, washed with carbon 
tetrachloride compound (Ohio Chomical Manufacturing Co.), psintod 
with Iodine and draped. The operation os practiced in the Division of 
Experimental Modi duo of the Mayo Foundation is done in the following 
steps, after tho animal is ancathetixod with pentobarbital sodium. 

1. A largo cork 6-8 cm In diameter is placed under the operative field. 
Piece 2 of the chamber is placet! on tbo ear so that the central table over 
which tho vessels are to grow lien close to the raodial artery. This position 
is necessary for proper ingrowth of vossoIb. 

2. Straight needles (no. 8 embroidery) arc inserted through the three 
holes of pleco 2, thrust through tbo ear tiseues and into tho oork beneath. 
Piece 2 is then removed. The noodles orient the operator as to position of 
the threaded rods and tho area over which the skin must bo freed. 

3. With a sharp scalpel a small area of tho skin Is separated from the 
underlying tissues. An effort ia mado to find a line of cleavage that will 
preserve as many subcutaneous blood vessels as possible. 

4. A blunt instrument is used to free tho skin over the entire area to bo 
occupied by tho chamber and for a few millimeters beyond. 

6. Steps 3 and 4 ore repeated on tho lower surface of tho oar. 
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mill thick. Drilling is not prolonged enough to generate sufficient heat to 
cause sticking. 

2. Before the disk is cut from tho bar, a depression about 16 mm in 
dlnmotor Is mode in tho center of the bar with a bovdlng tool, leaving the 
thickness in tho center about 0.6 mm. 

3. After hoveling, a disk 1.6 mm thick is cut off with a narrow cutting 
tool. This disk will become tho upper or covering portion of the chamber, 
hereafter called piece 1. Bovcling is demo to aid in manipulating the hig h 
power objective of tho microscope over tho chamber. 

4. To mnko tho lower disk or bottom portion of the chamber (piece 2), 
tlie lucito bar is cut with a narrow cutting tool to a diameter of 7 mm. 
This forms tl>c tablo on which tho blood vessels will grow and is cut so 
that its surface Is about 2 mm above tho rest of the disk. The disk itself 
is cut from tho lucito bar so that it will be about 1.6 mm thick. 

6. Pieces 1 and 2 are placed in tho position in which they are to bo used 
and three holes 1 mm in diameter and 2 mm from the periphery of the 
disks are drilled bo tliat they form on equilateral triangle. 

0. After pieces 1 and 2 lmvo been bolted together the edges may be 
ground off to form a triangular shape if preferred. A notoh is cut at tbc 
same point in each piece to permit their orientation on insertion. 

7. A thin layer of copal gluo is spread over the lower surface of piece 1 
and firmly pressed on a sheet of mica. Any excess of (due will be forced 
onto the portion of mica that will cover the transparent portion of the 
chamber and make it cloudy; this is to avoided. The mica-covered 
disk is placed in a screw clamp until the glue has dried thoroughly. 

8. Both surfaces of piece 2 are buffed with fine emery cloth, then 
polished with silver polish and a silk cloth. Polishing is continued until 
the central area is highly transparent and free of scratches. 

0. To create a space into which the blood vessels may grow, the two 
pieces are separated by placing three buffers or separators an the table, 
or raised portion, of piece 2. The buffers are out out 1 mm square from a 
pioce of kodaloid 70 /i thick. The three pieces are placed near the periph- 
ery of the table of piece 2 in the shape of a triangle. Ethyl acetate, a 
Incite solvent, is ran under the kodaloid by touching the capillary portion 
of the pi pet to the edge of the kodaloid; at once the solvent will flow 
nnder, dissolving the Incite and fusing it with the kodaloid. An excess of 
ethyl acetate must be avoided because it will flow from under the buffers 
and fog the chamber. 

10. After the glue holding the mica to pieoe 1 has dried, holes are 
drilled through the mica to admit the threaded rods. The mica is trimmed 
about 2 mm from the lucite, then trimmed as close to the luoite as possi- 
ble. Trimming in two stages assists in preventing cracking or loosening of 
the mica from the lucite. The edge is smoothed with a file or emery cloth. 

The so-called preformed chamber, or the ono used to protect the ear 
ti*ue8 from which the skin has been removed, is made so that a maxi- 
mum of space is available for visualising the tissues. The top piece, or 
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effort la required to restrain the dog and to get it into position for 
observation. 

Critique . — By means of the transparent chamber, important con- 
tributions to knowledge of the anatomy and physiology of capillaries and 
other minute blood vessels have been made (6, 7, 13, 14). These chambers 
are weD suited to investigations of the effects of. drugs (1, 11), anesthetic 
(15) and pressor agents (2) and other material. Anaphylactic response 
(3), effect of traumatic shock (10), tbo problem of transient leukopenia 
(8) and the effect of frostbite (12) have been observed. 

The behavior of fully developed blood vessels that have grown into a 
transparent chamber cloeely approximates that of peripheral blood ves- 
sels elsewhere in the body. The preformed type of chamber is recom- 
mended by Clark if the question of normality of the blood vessels and 
surrounding tieuoe predominates. The preformed type is much thicker, 
and consequently observations on minute structures saoh sj endothelial 
ccfla are difficult if not impossible. However, if behavior of a large vas- 
cular area or of a largo blood vessel is being investigated the preformed 
chamber is preferable. It proved admirably suited to investigation of 
injury and repair of peripheral nerves (9). 

In atudics of vasomotor responses considerable difficulty is experienced 
in detecting vasodilatation by direct observation. Vasooonstrictioo is 
fairly easy to detect. For recording changes the motion picture camera is 
ideal, but effective reoords can be made with the still camera. The vessels 
may be measured by * calibrated ocular micrometer, or a eorios of camera 
lucida drawings may be made to record changes induced by whatever 
means. 

For classroom demonstration of the peripheral circulation tire trans- 
parent chamber is unexcelled. This technique could be uaod to advantage 
by every laboratory of physiology in presenting to students the subject 
of capillaries and other minute blood vessels and the behavior of blood 
cells. The extent to which such a preparation can be utilised in teaching 
is limited only by the imagination and mgenuity of the teacher. 

Commrnt by Richard 0. A bell 

81noe transparent chambers are composed of material foreign to the 
the question arises whether the vowels in such chamber! are normal. It may, I 
believe, be answered in tbo affirmative, with one exception, discussed below. 
Let ue re whether by morphologic and functional criteria the arteries, veins 
and capillaries In transparent chambers reeemble corresponding ve»elfl in the 
body. 

Structure of the capillaries in the chambers shows no appreciable difference* 
from that of capillaries in soch naturally transparent tissues as the mesentery 
and omentum and In the tadpole’s UfL Also, careful atodlw of capillaries In 
chambers hare disclosed all of the important structures visible in fixed and 
stained sections. Thus morphologically the capillaries in chambers appear nor- 
niaL Thiais equally true lor the veins and arteries, bat for one exception, namely, 
that not fill arteries that grow in the chambers become supplied with nerves! 
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0. From the center of tho area of skin separated from its subcutaneous 
tissue on incision is mado radially to each needlo. Caro is taken that the 
skin is free of attachment to tho subcutaneous tissues throughout the 
area into which tho chamber is to bo placed. 

7. Into tho lumen of a hypodermic needlo, each of the orienting 
needles is placed in turn. The hypodermic needlo is thrust through the 
car tissues. Piece 2 of the chamber is held in oorrect position and a 
threaded rod with tho lower burr in place is run through the proper hole in 
piece 2. Tho orienting needle is withdrawn and the bolt or threaded rod 
put into tho lumen of tho hypodermic needle, which is then withdrawn, 
and at the same time tho threaded rod is carried through the tissues 
without difficulty. This is dono in turn with each of the threaded 
rods. 

8. Tlio elevated portion of piece 2 is then visualised by transmitted 
light. With a sharp scalpel the cartilage of the ear is cut through about 
tho periphery of the elevated central portion of piece 2. After excision of 
tho disk of cartilage the upper half of the chamber is put in place, the 
upper burrs are placed on tho threaded rods and the two portions of the 
chamber are brought closer together. The flaps of skin are brought out 
from between tho two parts of the chamber and drawn over the periphery 
of pieces 1 and 2, and are then trimmed to the deeired degree. The two 
halves of the chamber are brought closer together by further tightening 
of tho burrs. When pieces 1 and 2 have been drawn together to the point 
where the three buff ere are plainly visible the operation has been com- 
pleted. A gauze dressing ia placed around the ear with or without sulfa- 
nilamide powder dusted on the exposed cut surfaces. 

The same procedure is followed when the preformed type of chamber 
is to be inserted except that the cartilage is not indeed (paragraph 8). 
Elaborate dressings and protective coverings are not used by us with 
either chamber. The ingrowth of vessels may be seen as early as the fifth 
day after operation; in the beet preparations, ingrowth has been com- 
pleted in 30 days. 

Borne chambers may be <rf service for several months or erven a year, 
but most of our preparations give a more limited period of usefulness. 
Early failure is frequently traceable to infection, but it must be appre- 
ciated that a foreign body is being placed in the tissues and a reaction 
may be expected. 

Although we have placed the chambers in the ears of a considerable 
number of dogs, this species is far leas satisfactory than the rabbit in 
geveral particulars. (1) The skin does not heal readily around the edges 
<rf the chamber, but continues to grow over the chamber, and for weeks 
there is constant oozing from the skin edges sufficient to fog the lens of 
the objective. (2) The vessels do not usually develop over the whole 
chamber as in the rabbit. (3) The dog is able to move Its ears to a much 
creator extent than the rabbit, making observations on the chambers 
jnore difficult because the dog can pull the ear out of the field. (4) More 
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blood pressure, indicating that the arteriole* in the chambers behavo as do ar- 
terioles elsewhere in the body. On the basis of these various studies it is to bo 
concluded that arteries in the chain bore which aro supplied with nerves behave 
normally ami are not adversely affected by tjw ranterials of which tho chambora 
■ re composed. 

In experimental studies, tl»e praenco of arteri®. lacking nerves ia of no par- 
ticular disadvantage, for tho*e supplied witli nerves ore readily distinguished 
and selected for observation. In fact, the presence of some arteries which lack a 
nerve supply is desirable for purposes of comparison. 

It should bo noted that my experience w limited to chambers made of koda- 
ked and mica, and glass and mica, and these comments apply specifically to 
chambers composed of these lubstances. 
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Tliia was shown dearly by tlic Clarks cod Williams, wbo stainod ware* In a 
transparent chamber wit h methylene blue. Some arteries lacked a nerve supply, 
others wore supplied with nerves through part of their length and others through- 
out thdr entire length. Arteries supplied with nerves were seen to undergo rhyth- 
mio, spontaneous constrictions which were not apparent in arteries not supplied 
with nerves. Also, nentssupplled arteries ran be distinguished from those lacking 
nerves by poking (Jh> oninufl, which causes marked constriction of tho former in 
a few seconds, whereas tho dlamotcr of those not supplied with nerves retard rtf 
relatively constant. 

Numerous studies show that vessels In tho duunlwrs function in exactly the 
manner as do vessels elsewhere, accept, of courso, the arteries not supplied with 
nerves. 

Concerning capillary function, wo are particularly concerned with permeabil- 
ity. X have shown that when a substance known to diffuse rapidly through capil- 
lary endothelium, such as urea, is injected Intravenously Into rabbit ears con- 
taining moat chambers it passe* quickly through the capillary walls. In contrast, 
tlw dye T-1824 lnjectod intravenously pasaos very slowly through the capillary 
walla owing to Its attachment to plaama proteins. With reference to these sub- 
stances, than, capillaries In tho chambers behave os do capillaries elsewhere In 
the body. 

Another criterion of capillary permeability Is the plasma -corpuscle ratio. 
Hematocrit studies show this ratio In blood to be 65:4 5. The actual ratio in 
capillaries In the chambers varies continuously according to the number of cor- 
puscles floating through a given capillary at a given time, but the average ratio 
is at least as great as, and probably greater than, that of venous blood. On Irri- 
tation of blood capillaries In the chambers or ebewhore in the body the ratio 
changes rapidly because fluid passes through the capillary walla, leaving cor- 
puscles concentrated in the vowels. Such an increase in permeability is readily 
produced in copfUarios In the chambers by preaaing on the top of the chamber, 
applying a chemical substance such as alcohol or increasing the temperature 
sufficiently. Except on Irritation In some such manner, the plasma-oorpusde 
ratio of capillaries in chambers la in the normal range. Furthermore, it is the 
same as that seen in the capillaries of mesentery and omentum under the high 
power microscope. 

A characteristic of normal vascular endothelium Is its ability to undergo 
striking changes in behavior toward leukocyte* in response to various stimuli 
In the absence of such stimuli the condition of the endothelium is such that 
leukocytes do not adhere to it, but roll along the walls of capillaries end venules 
without whanging shape. When these stimuli become active the leukocytes ad- 
here to the vessel walls in inerwring numbers and finally migrate to the sur- 
rounding tissue. In this respect vascular endothelium in the chambers behava 
erectly as it doe* elsewhere. 

The rhythmic, spontaneous oanatrietions seen In arteriw supplied by nerve* 
are also observed In preformed taeue chambers, in which the original arterie* 
of the ear, with their nerve supply, are present. With Dr. Robert Chambers I 
observed the same type of spontaneous constrictions of arterioles, metarterioles 
and precfl pillary sphincters in the transparent chambers as had been described by 
Chambers and Zweifach In -read s in dog amentum and rat meooappendlx. 

Arteries in transparent chambers constrict markedly hi response to prearor 
tlrogn, the duration of constriction eerreaponding cloeely to that of increased 
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pcnit-ure is 7\° and V. — * 7* at the other junction whose temperature is 
T*°; and these are oppositely directed in tho circuit. The resultant 
Emf in the circuit, which will cause current to flow, is then F, _► * Ti — 

V 4 ~ k T t . 

In the case of somo available ni etuis, the variation of intrinsic poten- 
tial differences at the junctions with temperature is such that, over the 
range from 0 to 40 C, tills difference V, — * T x — V. _► * T% ia proportional 
to the difference of temperature (Tj — T%). Without careful investiga- 
tion it should not be concluded that this is true over a wider range. 

Measurement of Fjnf in the circuit will permit measurement of the 
difference of temperature between the two thermo junctions, and if then 
the temperature of one junction is known (because the junction it 


ia) (t>) 



attached to the bulb of a thermometer in a Dewar flask), the tempera- 
ture of the other can be calculated by simple arithmetic. Thu* we have a 
“hot junction,” held against the skin, and a “cold junction,” the tem- 
perature of which is known. The combination is called a “thermo- 
couple.” Even if the strict proportionality between the Emf and the 
temperature difference between the junctions does not apply, the ap- 
paratus is usable by calibration when the temperature of the hot junction 
is also known, but in this case the temperature of the cold junction must 
always bo the standard temperature at which the calibration was made. 

Physicists usually measure Emf by a potentiometer, but for purposes 
of physiologic or medical research this is unnecessary. Instead, the 
current is allowed to flow through a galvanometer, and its deflection in- 
dicates the magnitude of the Emf that generated the current. If calibra- 
tion is made directly, using the tame galvanometer and current arrange- 
ment, there is no objection, even theoretical. 

Introduction of the galvanometer into the circuit (Fig. 1, 6) adds at 
least two more junctions where potential differences may arise, La, be- 
tween the ends of the wire into which it was inserted, and the binding 
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HI. Temperature of Skin: Measurement and Use as 
Index of Peripheral Biood Flow 

ALAN C . BURTON, Uniternitg of Wfrtrrn Onbrrio 

Tho good diagnostician makes constant use of his observations of the 
temperature of tho skin of his patients by employing the temperature 
receptors of his own hands. (In this connection, it is a pity that many 
medical students are not taught that tho backs of tho fingcre are more 
richly provided with receptors than tho palmar surfaces.) Medical re- 
search and clinical investigation concerned with the peripheral circula- 
tion depend greatly on measurements of skin temperature, particularly 
the clianges that occur when vnsomotor nerves are blocked or surgically 
interrupted. Measurement of skin temperature is one of the most useful 
tools in modi cal research, but it is safe only in tbo hands of those who 
appreciate the underlying physical principles. It should be used in con- 
junction with other methods of research on peripheral blood flow. 
Clinical application of measurements of skin temperature is found in 
many texts, such os that of Abramson (1). Shonrd’s extensive discussion 
(26) has been freely drawn on for this reviow. 

I. Measurement of skin temperature .- — It is said that Humphry 
Davy in 1814 mado the earliest measurements of skin temperature by 
holding the bulb of a thermometer against the skin. There are obvious 
errors, since tho temperature reached by the bulb is affected by the tem- 
perature of the air; however, lacking more elaborate apparatus, valuable 
measurements can be made with a clinical thermometer. Stewart (27) 
showed that if the bulb were held in a cleft cut in a small cork and the 
exposed portion held against tho skin, tho rest of the bulb was insulated 
effectively and readings would deviate less than 0.5 (C) from those ob- 
tained by thermocouples or resistance thermometers. This accuracy is 
sufficient for most clinical investigation. Time must, of course, be left to 
Insure that maximal temperature is attained. 

More elaborate methods are all electrical and may be divided into 
the three categories that follow. 

1. Thermocouples . — The most widely uaed apparatus is the thermo- 
couple. The fundamental principle involved is that at every junction of 
Hiowlmilfu* metals, as when a oopper and a steel wire are twisted to- 
gether, there rarista a potmtial difference, due to difference in the state of 
the electrons in the two metals. The magnitude (intrinsic difference of 
potential) depends on the temperature of the junction, and this enables 
ua to measure temperature by measuring the potential difference. 

However, to measure the potential difference a circuit must be com- 
pleted, which inevitably introduces at least another junction of dissi m ila r 
metals, the seat of a second potential difference (Fig. 1, a). There are 
thus two EmFfl in the circuit, V. — t Ti at one junction whose tern- 
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able. The coet, exclusive of the galvanometer, need not exceed $15; a 
mutable galvanometer costs $50 to $75. 

Metals most suitable for the therm ocouplee arc copper and various 
alloys, of which constant an (Advance) is the beet known. This com- 
bination gives an Emf of about 40 fiv for each degree (C) difference of 
temperature between the junctions and a cloeely linear calibration over 
the working range. Other combinations will give a greater Emf, but this 
is offset by greater resistance in the leads; where oopper is not one of the 
two metals, great core must be taken to eliminate the effect of additional 
junctions in the circuit. The combination of steel and oonstantan is useful 
where thermocouple needles for ta kin g temperature beneath the skin are 
required. The constantan wire is threaded through the steel barrel of an 
hypodermic needle and soldered to it at the tip, which is ground off to a 
sharp point. Steel lead wires must complete the circuit from the needle 
barrel. Steel with oonstantan gives about 50 >jv per degree. The Emf ob- 
tainable from any combination is to be found from tables of thermo- 
electric power (e.g., Handbook of Physics and Chemistry [Cleveland: 
Chemical Rubber Publishing Company]). 

The decision as to sixe of wire is a compromise between theoretical and 
practical considerations. Theoretically, the wires of the hot junction 
should be as fine as possible to minimise the cooling effect of conduction 
of heat in the metals, at tho point of measurement on the akin. After fine 
wires have been repaired several times most investigators compromise on 
gauges of no. 28 (0.013 in. diameter) to no. 36 (0.005 in. diameter; Brown 
and Sharpe). 

The hot junctions are made by twisting together the bared wires and 
soldering at the junction. Acid tine flux gives the best results if it is at 
once washed away completely by 5 min immersion in running water. 
So-called non corrosive flaxes, used by the radio industry, are unsatis- 
factory and inevitably give chemical EmFa unless washed off with 
solvents. Spot welding is highly satisfactory. The small ball of solder at 
the junction should be flattened with a hammer on a hard surface, when 
still soft, to form a thin disk a few millimeters in diameter. This is held in 
contact with the skin by stripe of adhesive tape just behind the actual 
junction but not covering it- Where spot readings at several paints are to 
be taken in succession with a single thermocouple, the junction may be 
supported between violin bridges mounted at the end of an inanbdwl 
applicator, or other devices may be used to support the junction and 
pres* it firmly on the skin. It is definitely not permissible to have any in- 
sulated backing to the junction where it touches the skin, especially not 
the high thermal insulation found in some apparatus sold to measure 
skin temperatures. 8uch insulation interferes with normal heat loss of the 
skin at the point being measured, and the akin temperature will rise 
slowly daring the measurement (8). 

The lead wins should be separated and be insulated imm ediately be- 
hind the actual junction. They may individually be pulled through small 
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prats or Imul wires of the galvanometer. Thaw potential di {Terences' are 
denoted by IT — ( T% and IT — ( 7\, where C is the new raetol of the gal- 
vanometer lends. If wo insure that the temperatures T, and T % of these 
additional junctions are the same, the two additional Emfs will cancel 
each other. These additional, and unwanted, Emfs in any thermocouple 
rirruit mil exist and give trouble unless tbo following precautions arc 
token, (a) All additional junctions, as l>ctwecn lends and galvanometer 
binding ]K*<t8, or at any switches that may l>c used, must Ixj kept at the 
Romo tcmiKToturo. For very accurate work they may bo placed in baths 
of melting ico, but this is not necessary for the degree of accuracy de- 
manded in measurement of akin temperature. It is sufficient to anchor 
additional junctions to heavy iuctnl posts or heavy brass strips, placed 
close to each other and remoto or insulated from sources of heat, (b ) The 



Fia. 2. — Circuit for double thermocouple. 8olld line, oopper; dashed line, eonetentan. 

galvanometer, or switches, should be placed in that lead which is of the 
metal most similar to the copper of such instruments or switches, i.o., if 
copper be ono of tho metals of the thermocouple, in the copper lead 
rather than in the other. Any differences of temperature at additional 
junctions will then produce a minimal Emf. 

Multiple thermocouples are usually required, so that temperatures of 
many points on the akin can bo measured in rapid succession (Fig. 2). 
It is a mistake to suppose that an improvement can be made in this 
circuit by combining the various cold junctions into a common cold 
junction. Inevitably this leads to short circuits through the subject’s 
body when the junctions are in place, and there will be chemical Emfs 
aa well as other artifacts. The "fixed- variable” resistance is included for 
convenience, as explained later. It will be obvious how additional thermo- 
couples could be included. Multiple contact double-gang switches of good 
quality, sold as radio parts, answer the requirements well. 

procedure 

a) Apparatus . — The thermocouple is easily constructed by following 
the instructions given here, and the result will usually be an instrument 
more adaptable to one’s particular needs than any commercially avail- 



TEifPERATOIlE OF SKIN 149 

able. The cost, exclusive of the galvanometer, need not exceed $15; a 
suitable galvanomotor costs $50 to $75. 

Metals most suitable for the thermocouples ore copper and various 
alloys, of rrhich constant an (Advance) is the l>est known. This com- 
bination gives an Emf of about 40 nv for each degree (C) difference of 
temperature between the junctions and a oloscly linear calibration over 
the working rango. Other combinations will givo a greater Emf, but this 
is offset by groat or resistance in the leads; where copper is not one of the 
two metals, groat care must bo taken to eliminate the effect of additional 
junctions in tho circuit. Tho combination of steel and constantan is useful 
where thermocouple needles for taking temperature beneath the skin are 
required. The constantan wire is threaded through the steel barrel of an 
hypodermic needle and soldered to it at tho tip, which is ground off to a 
sharp point. Steel lead wires must complete tho circuit from the needlo 
barrel. Stoel with constantan gives about 50 #»v per degree. The Emf ob- 
tainable from any combination is to bo found from tables of thermo- 
electric power (e.g., Handbook of Physics and Chemistry [Cleveland: 
Chemical Rubber Publishing Company]). 

Tho decision as to sixo of wire is a compromise between theoretical and 
practical considerations. Theoretically, the wires of the hot junction 
should be as fino as posaiblo to minimiao tho cooling effect of conduction 
of heat in the metals, at the point of measurement on the skin. After fine 
wires have been repaired several times most investigators compromise on 
gauges of no. 28 (0.013 in. diameter) to no. 30 (0.005 In. diameter; Brown 
and Sharpe). 

The hot junctions are made by twisting together tho bared wires and 
soldering at the junction. Acid xlnc flux gives the best results if ft is at 
once washed away completely by 5 min immersion in running water. 
So-called non corrosive fluxes, used by the radio industry, are unsatis- 
factory and inevitably give chemical Emfe unless washed off with 
solvents. Spot welding is highly satisfactory. The small ball of solder at 
the junction should be flattened with a hammer on a hard surface, when 
still soft, to form a thin disk a few millimeters in diameter. This is held in 
contact with the skin by stripe of adhesive tape just behind the actual 
junction but not covering It. Where spot readings at several points ore to 
be taken in succession with a single thermocouple, the junction may be 
•upported between violin bridges mounted at the end of an insulated 
applicator, or other devices may be used to support the junction and 
Press it firmly on the skip. It is definitely not permissible to have any in- 
wfiated backing to the junction whore it touches the skin, especially not 

be high thermal insulation found in some apparatus sold to measure 
T?* fttnpcraturea. Buoh insulation interferes with normal heat loos of the 
®™tat the point being measured, and tho skin temperature will rise 
* during . tie raeaaurament (3) . 

. • tnr *f should bo 'separated and be insulated immediately be- 

the actual junction. They may individually be pulled through small 
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posts or lead wircB of the galvanometer. These potential differences' are 
denoted by — , 7s and ( T 4 , where C in thenewmotoj of the gal- 
vanometer lewis. If we insure tlmt the temperatures T» and T t of these 
additional junction* are the same, the two additional Emfs will cancel 
each other. These additional, and unwanted, Emf’s in any thermocouple 
circuit will exist nod give trouble unless tlio following precautions are 
taken, (a) All additional junctions, as lictwoon lewis and galvanometer 
binding posts, or at any switches tlmt may l>o used, must be kept at the 
same temperature. For von' accurate work they may bo placed in baths 
of melting ice, but tills is not necessary for tlie degree of accuracy de- 
manded in measurement of skin temperature. It is sufficient to onebor 
additional junctions to heavy metal posts or heavy brass strips, placed 
close to each other and rcinoto or insulntod from sources of heat, (b) The 



Fia. 2. — Circuit for double thermocouple. Solid line, copper; dashed line, eoratanUn. 

galvanometer, or switches, should be placed in that lead which is of the 
motal most similar to tbo copper of such instruments or switches, i- 0 ., if 
copper bo one of tho motala of the thermocouple, in the copper lead 
rather than in the other. Any differences of temperature at additional 
junctions will then produce a minimal Emf. 

Multiple thermocouples ore usually required, so that temperatures of 
many points on the skin can be measured in rapid succession (Fig. 2). 
It is a mistake to suppose that an improvement can be made in this 
circuit by combining the various oold junctions into a common cold 
junction. Inevitably this leads to short circuits through the subject’s 
body when tho junctions are in place, and there will be chemical Emfs 
as well as other artifacts. The "fixed-variable” resistance is included for 
convenience, as explained later. It will be obvious how additional thermo- 
couples oould be included. Multiple oantact double-gang switches of good 
quality, sold as radio parts, answer the requirements well. 

PROCEDURE 

a) Apparatus .- — The thermocouple is easily constructed by following 
the instructions given here, and the result will usually be an instrument 
more adaptable to one’s particular needs than any commercially avail- 
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corrections. The deflections are then plotted against known differenoee of 
temperature, and the beat straight line is drawn through the origin. 
Observations should be made for each set of multiple thermocouplee, 
sin w differences may exist owing to differences In resistance of the various 
leads. From the slope of the line in the graph a calibration factor is cal- 
culated, he., the temperature difference in degrees that corresponds to 1 
unit of deflection of the galvanometer. In use the deflection is observed, 
multiplied by this factor, and added to the temperature registered by the 
thermometer of the cold junction, to give skin temperature. 

It is often convenient to alter resistance in the leads so that the factor 
has an integral value, such as 0.1° C for each division of the galva- 
nometer scale. This may be achieved by inserting resistances (wound of 
manganin or other wire of low temperature coefficient and low thermo- 
electric power against copper) in the copper leads and adjusting these 
until desired sensitivity Is achieved. If the leads are not sufficiaitly close 
to identical, a separate resistance will be needed in each thermocouple 
circuit. When the galvanometer is of high resistance compared to the 
leads, a single adjustable resistance in the common galvanometer leads 
may be used to bring all to the convenient calibration. 

c) Errors .- — For complete discussions reference should be made to 
books on physic*, or see specific references given by Basse (10). 

Parasitic chemical Emf s at the junctions are the commonest error. 
These can be detected by the fact that the calibration curve of deflection 
against temperature does not pass through the origin; Le., there is a de- 
flection even when both junctions are held at the same temperature. 
The only cure is the remaking of the junctions with more care to see that 
all traces of flux are washed off. Parashdo thermal Emf a from additional 
junctions of dissimilar metals in the circuits can be detected by warming 
all poesible sites in turn with the fingers. When found, these junctions 
should be relocated so that their temperature will remain stable and 
opposing Emf» will accurately balance. 

In work at low environmental temperatures, as in cold chambers, 
where the lead wires paae from the chamber to the warm outside labora- 
tory, great care must be taken to eliminate parasitio thermal End's. 
The temperature of the chamber will affect resistance of the leads, to 
that the potentiometer method of measurement, which fJimins te e this 
effect, is preferable, or a high resistance galvanometer may be used to 
render the effect negligible. 

In such cases it is safer to use resistance thermometers, in which these 
errors can be eliminated by use of compensating leads, described later. 

2. Radiation thermopile . — To those who feci that application of a 
thermocouple to the skin seriously interferes with normal conditions and 
may change the skin temperature, the radiation thermopile is superior in 
that it offers a method of measurement without actual oontact. Others 
think that the disadvantages offset this theoretical advantage. Disad- 
vantages ^re that sensitivity is likely to lie lew, unless more sensitive and 
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bore rubber tubing and taped together. If both are placed in a single 
rubber tube, tho insulation will soon bo frayed in uso and short circuits 
will develop. A convenient and cheap mothod is to mount the two wires 
between two strips of */» in. wide adhesive tape, with each wire about 
l /« in. from tho edge. Tho length of loads is adjusted to the particular 
problem. 

Tho cold junctions are similarly twisted and soldered, then taped in 
close contact with the bulb of a thermometer readable to 0.1° C. The 
thermometer with its cold junctions is then mounted in a Dewar flask. 
If oil is used in tho flask to maintain constant temperature, no insulation 
of tho junctions is needed. However, oil is messy and haw a low specific 
heat, and most workers prefer to insulate the junctions by pulling a thin 
rubber bog (obtainable from a druggist) over them and use water which, 
because of its high specific heat, changes temperature very slowly. 

The galvanometer may be selected from a wide choice, since great speed 
of rcaponso is not required. Tablo galvanometers of the pointer type 
(Weston) or tho enclosed portable mirror type (Rubicon; Leeds A 
Northrup) give sensitivities up to 1 mm scale division for 0J° C, which 
isnmplo. Voltage sensitivity rather than current sensitivity is required. 
Thus a galvanometer of high current sensitivity, with many turns of fine 
wire on its colls and resistance of up to thousands of ohms, may give le* 
voltage sensitivity than one of low current sensitivity but much loss re- 
sistance. When current sensitivity is given (in terms of mm scale defloo- 
tion/pamp), this should be multiplied by total resistance in the circuit 
(that of galvanometer plus lead wires) to grvo voltage sensitivity (in mm 
deflect! on/pv). A sensitivity of 1 mm deflection for JO pv or less in 
sufficient for work with skin temperature. Far maximal portability and 
ruggednesg, with sensitivity, the type having a resistance comparable 
with that of the reet of the circuit (usually of the order of 60 ohms ) is 
theoretically the best. 

The time period of the galvanometer need not be less than 2 sec, 
greater time periods slowing its use. Care must be taken to see that the 
galvanometer is close to the condition of critical damping, i.o., approaches 
its final deflection without either oocillatian or & very slow exponential 
drift. This is a matter of arranging the resiatanoe in the external circuit to 
the proper value. If it is leas than the critical damping r e s i st an ce the in- 
strument will be overdamped and slow; if too great, it will be oscillatory. 
Either by use of shunts across the galvanometer or by insertion of series 
resistances in the circuit, critical damping may be achieved, but, of 
course, only at the cost of sensitivity. 

b) Calibration . — This is carried out by mounting temporarily the hot 
junctions in contact with the bulb of a second thermometer, just as the 
cold junctions are permanently monnted, and recording a series of de- 
flections of the galvanometer with various differences of temperature 
between hot and oold junctions. The two thermometers should of oourse 
be compared with each other in the same beaker to determine necessary 



153 


TEMPERATURE OF SKIN 
during tie measurement!!; the cold junctions must be arranged so that 
they will remain at room temperature. This feature is often lacking in 
available instruments, and there is resulting slow foil of deflection from 
the initial value reached. 

The temperature deduced from thermopile measurements is the 
radiation temperature of tbo skin. It is possible that this is not exactly 
the tem perature measured by thermocouples, though the difference is 
probably negligible. For instance, if the outer layer of the akin has any 
transparency to radiation, the thermopile may be effectively measuring 
temperature at a layer just ben oath the surface. 

3. Remittance thermomttert. — Stewart (28) in 1801 described re- 
sistance thermometers, in which the sensitive elements were made from 
lead foil, for measurement of skin temperatures. The resistance ther- 
mometers then in use in the calorimeter of the Ruseell Sage Institute 
were described by Sodenjtrom (26). A type designed to give overage 
skin temperature over large areas of the body was described by Burton 
( 12 ). 

The fundamental difference between resistance thermometer and 
thermocouple measurements lies in the fact that whereas with thermo- 
couples the only energy available to operate the measuring instrument 
(galvanometer) is the thermoelectric Emf at the junction (and this is 
small), with the resistance thermometer the energy comes from an in- 
dependent source (battery) and the temperature being measured merely 
controls this. Thus the method offers the possibility of using less sensi- 
tive and more rugged indicating instruments. It also lends itself to use of 
vacuum tube amplification; no one has found a way to amplify usefully, 
by vacuum tubes, the Emf from a thermocouple, tho difficulty being the 
very low impedance of the input. 

PROCEDURE 

o) Apparatus . — Tho principle of the resistance thermometer is tlrnt 
certain metals, notably nickel and its alloys, have a high coefficient of 
change of resistance with temperature (up to 0.4 per cent/degreo C). If a 
coil of such wire be held against the skin, skin temperature can be de- 
duced from the electrical resistance of the coil at the moment. The coil 
Is placed in 1 arm of a Wheatstone network; tho other 3 arms ore of wire 
of low temperature coefficient such os man pan In (Fig. 4). Actual meas- 
urement of resistance would involve balancing of the bridge for each de- 
termination of skin temperature. The usual method is therefore to 
cbocee values of tbo balancing resistance (Fig. 4, R t ) such that tho bridge 
is balanced for some particular standard temperature (say, 20 C). 
At any other temperature the bridge will be out of balance and a deflec- 
tion of tho galvnnomotor results. Tbo amount of this deflection can be 
used to indicate tho temperature of the coil. Thus the scale of the instru- 
ment may W directly marked in degrees C, and the complication of hav- 
ing to record also the temperature of n cold junction is avoided. 
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less portablo galvanometers are used, and that temperatures ixmeath 
clothing cannot be taken. Thermopiles for measuring skin temperature 
have been designed by Aldrich (2), Bedford (7, 8) Hardy (20) and others. 
Construction of a thermopile is a matter for an instrument maker, 
whereas almost anyone can successfully construct a thermocouple. 
Only the principle is explained here. 

A thcrmopllo is a number of thermocouples connected in series, ar- 
ranged so that altcmato junctions (hot) are mounted behind a blackened 
disk which receives the radiation. The othor alternate junctions (cold) 
are shidded from tho radiation and remain nt room temperature (Fig. 3). 
A cone of polished metal collocts the radiation from an area of wirin and 
reflects it on tho receiving disk, tho temperature of which rises until it is 
oblo to ro-omit os much radiation as it is receiving. The excess tempera- 
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Fio. 3. — Radiation thrrmopfla. 


ture reached is indicated by the Emf generated in the thermopile and 
servos os a measure of the intensity of the radiation. By tho law of 
Stefan (basod on thermodynamics as well as experimentally verified), the 
intensity of radiation emitted by a hot body (here the skin) is propor- 
tional to the fourth power of its absolute temperature. Tho nature of the 
omitting surface also affects the amount of radiation, denoted by intro- 
duction of a multiplying factor called “emiseivity.” The emisaivity of 
human akin is very close to that of a “blaok body” (which is 100 per 
cent), and no instances in which skin is markedly different are known 
(21). The hi gh water content of slrin and the fact that water has a high 
emissivity for heat radiation make it unlikely that variations of emis- 
sivity could invalidate the use of a thermopile as a true indicator of tem- 
perature, but the possibility must be kept in mind. Since a fourth power 
law is involved, the reading of tho indicating instrument cannot be 
linearly related to temperature, and calculations Iiave to be made. 
This is a disadvantage over thermocouples, though a trivial one. The 
possible change of emissivrty with extreme dryness of the skin has not 
been investigated. 

Tlie wires of the constituent junctions of the thermopile must bo 
very fine and the receiver of radiation very light, or there will be appreci- 
able thermal lag in reaching the final deflection. A point that should re- 
ceive more attention is that the temperature of the cold junctions, usu- 
ally mounted close behind the hot junctions, must not be allowed to rise 
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meet, possibly used in a vacuum tube voltmeter circuit, or in a simple 
bridge circuit with microammeter (10), is lacking. 

b) Errors . — When the leads to the actual temperature-sensitive coda 
are long, errors will arise from change of resistance of the leads with room 
temperature sine© copper has a high temperature coefficient of resistance 
with temperature. If total resistance of the leads is very small oomp&red 
with that of tho coil these changes may be negligible, but there is a simple 
automatic means of eliminating thorn. This is by use of compensating 
leads, identical in structure and length to thoee going to the coils and run- 
ning with them but soldered together at the far end (Fig. 6). These leads 
are Inserted in series with the balancing resistor Rt, and any change of 
resistance in the leads due to room temperature will be compensated (in 
this case, of course, the bridge must have equal ratio coils Ri and ft*, and 



Rt will be approximately equal to Rj). If desired, one of the four leads 
(the two to the coil and the two compensatory leads) can be eliminated, 
so that there are three wires only to each resistance thermometer. 

It must never be forgotten that a resistance thermometer is itself a 
source of beat, from the current flowing in the coil, and therefore its 
temperature must be theoretically higher than its surroundings and the 
skin with which it is in contact. The current in the bridge must be kept 
low enough, and insulation between wire and skin made sufficiently small, 
so that the difference of temperature is negligible. A test of thin is to im- 
merse the cod in water and then in glycerin at the same temperature 
Since these liquids have thermal conductivities that lie above and below 
that of fully dilated and fully oonstricted skin, respectively, any sig- 
nificant error due to this cause will show itself. 

This source of error in resistance thermometers oan be turned to good 
advantage to measure directly the effective thermal conductivity of the 
skin, which varies with blood flow (14). The temperature of the coil, u 
Indicated by deflection of the bridge when there is a small current in the 
bridge, is compared with the higher temperature registered when the 
bridge current is increased. The difference will be inversely proportional 
to the thermal conductivity. Instead of altering the current in the bridge, 
a second temperature-aensitive coil on the sldn at a nearby point ar- 
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When the bridge is used thus, the current from the batten' must be 
hold at a standard valuo. Somo havo used a second galvanometer or 
inilliammctcr to do this, adjustment to the standard valuo being made by 
the varinblo resistor in the battery circuit. This is not necessary, how- 
ever, since by simply substituting, for the tomperature-sensitive coil, one 
of fixed resistance (J?»), tho bridge may bo thrown out of balance by a 
fixed amount (corresponding to a fixed temperature of tho “skin" coll). 
A test deflection results, and this b brought to tho standard value by the 
battory resistor. 

Tho resistance thermometer circuit is capablo of many useful modi- 
fications for specific purposes. For example, both R } and R t may be made 
of temperature-sensitive vriro, and Ri placed on tho skin, R j in the air or 
both on tho akin at different points. Deflections of tho galvanometer will 



then give directly the difference of tomperature between the two 
cofls. 

Resistance thermometers are easily constructed. Hytemco wire 
(Driver-Harris Company) has a high temperature coefficient and is ob- 
tainable in very small gauges with hi gh resistance per unit length; no. 40 
gauge (Brown and Bharpe) may be used without too many breakages. 
Coils for contact with the skin may be wound on frames of very thin 
bakelite fiber and lacquered with glyptal or other insulating varnish. 
They are held to the skin with adhesive tape as ore thermocouples. 
When average temperature of large areas of the body b required, as in 
calorimetry, the wire can be held by sewing in a sewing machine against 
the inside of light gaute garments. This is a much more convenient way 
of obtaining average skin temperatures than computation from thermo- 
couple readings taken at many points. 

A new possibility of application of resistance thermometry to dim cal 
measurements of akin temperature ia offered by the discovery of There 
mifltors (6). These are used in radar research and were developed by the 
Germans for infra-red detection. They have high resistance in a very 
small compass and an extraordinarily high change of resist once with 
temperature. Wide experience with these for skin temperature measure- 
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IX Interpretation of skin temperature in terms of peripheral drculaHcn . — 

1. “Normal” lovela of skin temperature. Tho level of the temperature of 
the skin depends on two acta of variables, physical and physiologic, in 
each of which there are soveral factors. Tho physical factors are environ- 
mental temperature, amount and character of clothing worn and, to a 
lees degree, humidity. The physiologic factors aro mainly tho location on 
the body and tho blood flow to the skin, at that point, although body- 
build, amount of subcutaneous fat and blood flow of the rest of the limb 
and of muscles beneath the skin also play a pert. In addition, evapora- 
tion of perspiration can so affect akin temperatures that their interpreta- 
tion in terms of blood flow is very difficult. 

It is not astonishing then that no set of “normal” skin temperatures 
can be defined, even when the physical factors aro strictly prescribed. 
Even if biologic variability bo excluded by choosing one Individual, that 
individual’s physiologic state is difficult to define and is widely variable 
within “normal'' limits. For example, tho skin temperature of the toes of 
a normal subject lying in a room at 20 C may bo only just above room 
temperature or as high as 35 C, according to the state of general vaso- 
constriction or vasodilation, which depends on past history of his exer- 
cise, eating and even emotional state. 

Comprehensive reviews of the level of skin temperature (e.g. (9) and 
(17)) ore not much help because of tho complexity and variability of the 
factors ooneeraed. A rough guide to tho levels to be expected was pro- 
vided by Eddy and Taylor (18) from observations on 50 normal medical 
student*. Thus absolute levels of skin temperature, oven under con- 
trolled conditions, are not of great significance. It is the changes in skin 
temperature that occur during physiologic experiment* or in patho- 
logic states that are important. 

2. Least change in skin temperature that ia significant. With modem 
instruments, skin temperature could bo measured to an accuracy of 
0.01° C, but this would lie purpoeelcss in view of uncontrollable physio- 
logic variations. Even in the best controlled physical conditions, fluctua- 
tions in slrin temperature up to 0-5° C or mom occur without ascertain- 
able physiologic cause, and it is wise not to interpret as significant any 
change* leas than this, Some guide as to significance is given from simuX 
toneoua measurements by Foged (19) of skin temperatures of bilaterally 
symmetrical areas of the body. He ooncluded that a difference of more 
than 1° C indicated abnormality. This agrees with some observations of 
our own on symmetrical areas of the back. In 50 pairs of observations 
the mean difference was only 0.02 C, with standard deviation of the 
difference* *0,3 C. By statistical criteria .this would mean that differ- 
ences less than 0.9 C were not significant. 

3. Elimination of effect of physical factor*. The key to interpretation 
of changes in skin temperature is separation of physical from physiologic 
factors. For example, a subject adapted to lying in a cool room (20 C) 
will have a low skin temperature of the extremities. If the temperature of 
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ranged go that the current in it and thus tlio heat generated la insignifi- 
cant, may bo Ittlanccd against tho first coil where more heat is generated. 
Deflection of tho galvanometer then gives tho difference of temperature 
(and hence conductivity) directly. Tho mothod offerp many possibilities 
for thermal stromuhra in various applications. 

4. Companion oj electrical vielhad *. — Tho advantages and disadvant- 
ages of tho thermocouple, tliermopilo and resistance thermometer are 


TABLE 1. — CourARATivK Evaluation or Kltxtjucal Mktuods 


1. Ease of construc- 
tion 

2. Con of construc- 
tion 

3. SroaiUvity 


4. Instrumental lag 


6. Galvanometer 
required 


EL Possibility of 
electronic ampli- 
fication 

7. Errors likely 


8. Calibration 
curve 

0. Esse of moasure- 
moot 

10. Breakage 


11. Interference 

with tldn temp, 

12. Range of appli- 
cation 

13. Sixe of area 
meosured 


14. Other poarible 
application 


Tfl tn oco trrtr* 

Easy 


Tmnomn 

Difficult 


Ej*nn«n 

TasJtMuai-tLU 

Fairly easy 


Loir 


I Uglier Low 


limited by thermo- 
olectrio power of 
motaU 

Can be made very 
low 

Moderately sensi- 
tive, fairly portabk) 


Leas 


Slow unites vac- 
uum thermopiles 
Quite sensitive 


Not practical Not easy 


Not limited by 
thermoelectric 

Greater than ther- 
mocouples 
Relatively insensi- 
tive, rutted and 



Paraaitlc Em fa 
sometimes trouble- 
some; change In re- 
sistance of loads 
with tomp. 

Closely linear in 
working range 
Cold junction tomp. 
must be read 


Fairly common with 
fine junctions; ther- 
mometers break 
Possible if not prop- 
erly made 
Good 


Can bo very small; 
hard to average 
over large areas 

Differential ther- 
mocouples for spe- 
cial purposes 


Rise of cold junc- 
tion tomp. 


Heat in colls due to 
current; leads can 
bo automatically 
compensated 


Not linear: calcu- 
lation required 
Room tomp. must 
be read 

Not common; 
thermometers 
break 

None, no contact 

Not under cloth- 
ing 

Area not lees than 
1 *q cm 


Not developed, 
but possible 


Closely linear 

No observation* ea- 
oe pi direct scale 
reading 

Fairly common; no 
thermometeri to 
break 

Possible It current 

too high 

Good 


Area not !«■ than 
Q_5 sq cm; fP™ 
average of 1***° 
areas 

Differential temp. 


m«i ttromnhr* 

(thermistors} 


listed in Table 1. The weight to be given these is a matter for individual 
Opinion in view of specific circumstances of the research. 

Stoll and Hardy (28a) recently reported a comparison of different 
electrical methods under various conditions of air movement, infra-red 
and optical radiation. Their paper, when published in full, should be 
consulted- 
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II. Interpretation of slin temperature in terms of peripheral circulation . — 

1. "Xormnl” levels of skin temperature. The level of tbe temperature of 
the skill depends on two sets of variables, physical and physiologic, in 
each of which there arc several factors. The physical factors are environ- 
mental temperature, amount and character of clothing worn and, to a 
less degree, humidity. The physiologic factors are mainly the location on 
the body and the blood Row to tbe skin at that point, although body 
build, amount of subcutaneous fat and blood flow of the rest of the limb 
and of muscles beneath the skin also play a part. In addition, evapora- 
tion of perspiration can so affect skin temperatures that tbeir interpreta- 
tion in terms of blood flow is very difficult. 

It is not astonishing then that no set of "nonnal” skin temperatures 
can be defined, even when the physical factors are strictly prescribed. 
Even if biologic variability lie excluded by choosing one individual, that 
individual’s physiologic state is difficult to define and is widely variable 
within “normal” limits. For example, the slrin temperature of the toes of 
a normal subject lying in a room at 20 C may be only just above room 
temperature or as high a? 35 (\ according to the state of general vaso- 
constriction or vasodilation, which depends on pari history of his exer- 
cise, eating and even emotional state. 

Comprehensive reviews of the level of skin temperature (e.g. (0) and 
(17)) are not much help because of tbe complexity and variability of tbe 
factors concerned. A rough guide to the levels to be expected was pro- 
vided by Eddy and Taylor (18) from observations on 60 normal medical 
students. Thus absolute levels of skin temperature, even under con- 
trolled conditions, are not of great significance. It is tbe changes in skin 
temperature that occur during physiologic experiments or in patho- 
logic states that are important. 

2. Least change in skin temperature that is significant. With modern 
instruments, skin temperature could be measured to an accuracy of 
0.01° C. but this would lie purposeless in view of uncontrollable physio- 
logic variations. Evra in the best controlled physical conditions, fluctua- 
tions in elan temperature up to 0.5° C or more occur without ascertain- 
able physiologic cause, and it is wise not to interpret as significant any 
changes less than this. Some guide as to significance is given from simul- 
taneous measurements by Foged (19) of skin temperatures of bilaterally 
symmetrical areas ol the body. He concluded that a difference of more 
than 1° C indicated abnormality. This agrees with some observations of 
our own on symmetrical areas of the back. In 60 pairs of observations 
the mean difference was only 0.02 C, with standard deviation of the 
differences -<0.3 C. By statistical criteria 4 his would mean that differ- 
ences less than 0.9 C were not significant. 

3. Elim i na tion of effect of physical factors. The key to interpretation 
of changes in skin temperature is separation of physical from physiologic 
factors. For example, a subject adapted to lying in a cool room (20 C) 
will have a low skin temperature of the extremities. If tbe temperature of 
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ranged so that tlio current In it and thus tho heat generated is insignifi- 
cant, may bo balanced ngnlnst tho first coll where more heat Is generated. 
Deflection of tho gnlvanomotcr then gives tho difference of temperature 
(and hcnco conductivity) directly. Tho method offerp many possibilities 
for thermal Rtronmhra in various applications. 

4. Comparison of electrical mclhotl *. — The advantages and disadvant- 
ages of tho thermocouple, thermopile and resistance thormooieter are 


TAIiLK 1. — CourARATm: Kvaluatiok or Euxttucal Mmow 


1. Ease of construc- 
tion 

2. Cost of construc- 
tion 

3. BcnsHMLr 


4. Instrumental lag 

6. Galvanometer 
raqolrod 


Tuuvocomri 

Easy 

Low 

Limited by thermo- 
electric power of 
raotaia 

Gan bo made very 
low 

Moderately sensi- 
tive, fairly portablo 


6. Possibility of 

el cctronio ampli- 
fication 

7. Ejtoti likely 


8- Calibration 
carve 

0. Ease of measure- 
ment 


Not practical 


Parasitic Emf* 
sometimes troub le- 
an mo; chan go In rc- 
aiaUmm of leads 
with temp. 

Cloudy linear In 
working range 
Cold junction temp, 
moat be read 


10. Breakage 


11. Interference 
with «Hn temp. 

12. Eange of appli- 
cation 

18. Bixe of area 
measured 


14. Other possible 
application 


Fairly oomrara with 
fine junctions; ther- 
mometers break 
Possible If not prop- 
erly made 
Good 

Can be vwy small; 
hard to average 
over large arena 

Differential ther- 
moooupiee for spe- 
cial purposes 


T*i»vom.u 

DUE colt 

Higher 

Loss 


Blow unices vac- 
uum thonnopfles 
Quite sensitiw 


Not easy 


Bxserujtcs: 

TaxjafoarrvM 

Fairly easy 
Low 


Not limited by 
thermoelectric 


power 
Greater than ther- 
mocouple* 
Relatively insensi- 
tive, nigged and 
portable 


Rise of oold Junc- 
tion tamp. 


Not linear: calcu- 
lation required 
Room temp, must 
be read 

Not oommon; 
thermo rooters 
break 

None, no contact 

Not under cloth- 
ing 

Area not 1 m than 
leqcm 


Not developed, 
bat powdblo 


Heat in colli due to 
current; leads can 
be automatically 
compensated 

Closely linear 

No observations ex- 
cept direct scale 
reading 

Fairly co mmon ; no 
thermometers to 
break 

Possible if current 

too high 

Good 

Area not lew than 
0A sq cm; gives 
average of largo 

areas 

Differential temp, 
measurement; thw- 
mal stramuhrs 
(thermistors) 


listed in Table 1. The weight to be given these is a matter far individual 
opinion in view of specific circumstances of the research. 

gtoll and Hardy (28a) recently reported a comparison of different 
electrical methods under various conditions of air movement, infra-red 
and optical radiation. Their paper, when published in full, should bo 
consulted. 
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II. Interpretation oj skin temperature in terms of peripheral circulation . — 
1. “Normal" levels of skin temperature. The Wei of the temperature of 
the skin depends on two seta of variables, physical and physiologic, in 
each of which there are several factor?. The physical factors are environ- 
mental temperature, amount mid character of clothing worn and, to a 
lew degree, humidity. The physiologic factors are mainly the location on 
the body and the blood flow to the skin at that point, although body 
build, amount of sulwutaneous fat and blood flow of the rest of the limb 
and of muscles beneath the skin also play a port. In addition, evapora- 
tion of perspiration can so afTect skin temperatures that their interpreta- 
tion in terms of blood flow is very difficult. 

It is not astonishing then that no set of “normal" akin temperatures 
can be defined, even when tho physical factors are strictly prescribed. 
Even if biologic variability bo excluded by choosing ono individual, that 
individual’s physiologic stoto is difficult to define and is widely variable 
within “normal" limits. For example, tho skin temperature of the toes of 
a normal subject lying in a room at 20 C may l>o only just above room 
temperature or as high as 35 C, according to tho stntc of general vaso- 
constriction or vasodilation, which depends on post history of his excr- 
ciso, eating and even emotional state. 


Comprehensive reviews of tlie level of skin tomi)craturo (o.g. (0) and 
(17)) are not much help because of tho complexity and variability of tho 
factor* concerned. A rough guide to tho lovols to bo expected was pro- 
vided by Eddy and Taylor (18) from observations on 60 normal medical 
students. Thus absolute levels of skin temperature, oven under con- 
trolled conditions, are not of great significance. It is tho changes in skin 
temperature that occur during physiologic experiments or in patho- 
logic states that are important. 

2. Least change in skin temperature that is significant. With modern 
instruments, skin temperature could be measured to an accuracy of 
0.01° C, but this would be purposeless in view of uncontrollable physio- 
ogic variations. Even in the best controlled physical conditions, fluctua- 
nt 1 * in slrin temperature up to 0.6° C or more occur without ascertain- 
physiologic cause, and it is wise not to interpret os significant any 
changes less than this. Some guide as to significance is given from simul- 
taneous measurements by Fogcd (10) of skin temperature* of bilaterally 
body. He concluded that a difference of more 
C In dica ted abnormality. This agrees with some obeervutions of 
own on symmetrical areas of the back. In 50 pairs of observations 
mean difference was only 0.02 C, with standard deviation of the 
^ e f' ce * By statistical critoria.this would mean that differ- 

en«* than 0.0 C were not significant. 

of chamrp* ' physical factors. Tl>e key to interpretation 

farUTr/p 1° t f tn P eratur e is separation of physical from physiologic 
will have a IrraT'vP * ’ a * u ^ ect ^pted to lying in a cool room (20 C) 
h * V0 a W ^ Werature of the mrtremitire. If tho temperature of 
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the room is then raised to, say, 28 C, the skin temperature will, after 
adaptation, rise markodly and remain high. Obviously vasodilation in 
rcsponso to demands of temperature regulation is ono factor causing this 
riso. However, even in an inanimate model, in which thermal conduc- 
tivity remained constant, there would bo a riso of surface temperature 
on elevation of environmental temperature. The problem then is to 
determino how much of tho observed rise la purely physical and how 
much is physiologic, due to on increase in peripheral blood fW. 

Attempts havo been made to define tho rise of sldn temperature to be 
expected for a given riso of room temperature, and even to provide for- 
mulae (8, 24), nono of which has any wide field of application. In fact, 
from the theory of heat flow applied to tho problem, tho riso of tempera- 
ture for each degree rise of room temperature, even in the inanimate 
modol, would dopend entirely on the level of skin temperature (11), 
varying from 0.8 C if the skin temperature be 23 C (in a room at 20 C) 
to 0.2 C if the skin temperature be 35 C. Again, the rise of skin tempera- 
ture that would result from a given increase in peripheral circulation 
obviously depends on the level of skin temperature. If the skin tempera- 
ture be low it will riso markedly, but if the akin temperature is already 
high (as on tho trunk) it will rise much less for the same increase in blood 
flow. Even on infinite increase in circulation could not raise It above 
37 C (rectal temperature). 

4. Thermal circulation index. All tin*© difficulties are resolved if a 
thermal circulation indox, derived from skin temperature, be used (U). 
It is based on a physical analysis of the flow of heat from the interior of 
the body, where it is generated, to the surface. The index is such that if 
the circulation did not change, it would be a constant, even If the, physical 
factor of room temperature had been altered. 

Details of derivation of this index are given in the original paper (II). 
The temperature of the body surface must be lower than that of the in- 
terior (rectal or “deep body” temperature) in order that heat shall flow 
to the surface and bo into the environment from the a kin . There are a 
physiologic gradient of temperature, given by the difference between ren- 
tal and skin temperatures, and a "physical gradient” between akin tem- 
perature and air. The flow of heat down each of these gradients is gov- 
erned by the law of diffusion of heat, i.e., for the physiologic gradient, 

E - C'(T r - T.), (!) 

where E is the heat flow (cal/sq cm/seo), T r and T, ore rectal and skin 
temperatures, respectively, and C‘ is a parameter expressing ease with 
tv hi oh heat Aowb in the tireues. C' may be called the "effective thermal 
conductivity” of the tissues. It depends mainly on the blood flow in the 
tissues, though also an proportion of fat, water content of the tissues and, 
of omasa, length of the thermal pathway through the tissues to the par- 
ticular point on the sldn. In physiologic experiments, changes in C' will 
mainly be due to changes in blood flow. Determination of effective ther- 
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nml conductivity, C', is the object of research with akin temperatures, 
and its determination is the closest we can come, by observations of akin 
temperature, to a direct measurement of peripheral blood flow. 

For the physical gradient, the similar equation is 

H - C(T. - T.\ (3) 


where the new symbol T, is the environmental temperature, and C the 
effective thermal conductivity of the environment- If calorimetry ia pos- 
sible, so that heat flow E of equation (1) can be measured, C' can be di- 
rectly calculated (15, 20). Calorimetry is not necessary, however, since 
we can combine tbe two equations, remembering that tn the steady state 
the heat flow H of equation (1) arriving at the skin must equal that leav- 
ing the same area (U of equation (2)). Eliminating E by this identity we 
have 


c t. - r. 

r " t , " r - 


(*) 


r is the thermal circulation index. 

““■tSSSS. 

The calculation is simple, but if desired a nomogram can be con- 
structed from which the Index may be calculated graphically (Fig. ft). 

In physiologic experiments, the physical factor C, conductivity of the 
environment, can usually be kept constant. It will remain constant, de- 
spite changes in room temperature, if the degree of air movement and 
amount of clothing are not changed. It does not alter significantly with 
humidity. The ohanges in value of the Index will then reflect changes in 
conductivity of the tissues; i.e., they will be Indicative of changes in 
peripheral circulation. 

a) Dependence of index on location on body. The value of conductivity 
C 1 , the ease with which heat flows to a given point on the surface of the 
body, obviously depends on the total thermal pathway from a point 
where the temperature may be considered to be deep body .temperature 
to the particular skin area. The last part of this pathway, in the skin of 
the area, may be the most important obstacle to flow of heat, but all of 
the pathway influences the value of the index. How greatly the rest of 
the pathway, other than the akin, may be conoerned ia shown by the 
fact that the temparature in peripheral arteries is not, as often assumed, 
close to the deep body temperature, but may be several degrees lower 
(6). Measurements made at different points of the wlrin indicate that the 
thermal circulation index may be 5-10 times as great for the toe* as for 
the trunk, obviously because of the much larger thermal pathway. In 
practice then, the change in index that ooours at any given point on the 
ekin is used as an Indication of the change of blood flow, rather than 
the comparison of indices for different parts of the skin. 
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b) Dependence 0/ index on blood flow. The effective thermal conductivity 

of the tissues depends on a combination of the true "conductivity” of the 

tissues, which would exist even if blood flow wero icro, and tbe convec- 




tive transfer of beat by tbe flow of blood Various formulae that amid be 
devised to give a plausible relation between effective conductivity and 
blood flow would have only theoretical interest. Comparison of thermal 
conductivity of skin and blood flow of tbe fingers, measured in depend- 
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ently and directly (14), has shown a linear relation. However, If the ther- 
mal conductivity Index rises by some factor, say 3 times, the blood flow 
to that point must have increased at least by this factor, i.e., most be at 
least three time* as great. For the toe*, the thermal circulation index may 
increase between full vasoconstriction and full dilatation (ether anes- 
thesia (11)) by as much as 12 times- This increase represents the change 
in the whole thermal pathway to the toes, and a merely local dilatation 
in the toes will not causo as great a change in index, nor will the tempera- 
ture riso as high, 

ITI. Critique . — The following cautions in interpreting aldn tempera- 
ture* in term* of the peripheral circulation apply whether the thermal 
circulation index or skin temperatures alone is preferred, 

1. Effect of blood flow in structures other than skin. Since skin tem- 
perature depends on the ease with which heat IIowb in the total thermal 
pathway to the point of measurement, the blood flow in muscle, which is 
a major part of tho total circulation in a limb (4), may influence it to an 
unknown extent. Since blood flow in muscle in many circumstances may 
change in the direction opposite that in skin, the effects may bo very 
complicated. Research on this point is overdue. An example is the rise of 
thermal conductance in water bath experiments (and therefore the rise 
in *kin temperature in experiments in air), when the environment Is cold 
enough to stimulate thermal muscular tone and shivering (16). Despite 
full vasoconstriction, which has come on even at higher temperatures, 
this increase in skin temperature occurs. It may well be that the true 
flow in skin has not increased, but is still minimal, and that the increase 
of blood flow in the active muscles, which influences part of the total 
thermal pathway, is solely responsible for the rise. 

2. Nonsteady states; thermal lag. In the steady state, i.e., when skin 
temperatures are approximately constant, thermal conductivity of tis- 
sues is the variable on which they depend, but when temperatures are 
changing, the thermal capacity of the tissues also enters the equations of 
heat flow. Thus the thermal circulation index has no strict application 
unless the steady state is approximated, nor will momentary levels of 
skin temperature be related directly to the blood flow at that moment. 
For example, if blood flow fail* abruptly, the skin temperature cannot fall 
immediately to the new level, associated with a steady state with the new 
low Hood flow. Moreover the rate of fall depends on the total thermal 
capacity of the tissues involved; the fall is slower in a large limb thnn in n 
•mall one. A thermal lag is exhibited by skin temperature when this is 
changing. 

Because of thermal lag the skin temperature falls to follow accurately 
the time relation* of change of blood flow even when these are small and 
local (13). By the assumption of a lag of about 20 soc in this case, fair 
correspondence can be achieved, but there are slow trends in skin tem- 
perature which depend on what the blood flow has been doing in the pre- 
vious several minutee. When the change of blood flow is toward a su»- 
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tainod high Jovol, ns in general vasodilation, (ho temperature will rise 
rapidly, but still with a lag of many minutes In reaching tho final level 
(13) (Fig. 7), but when blood flow is townrd a low voluo the lag will 
bo much greater (consistent with the theory of heat flow). 

Most important is the consideration that when the change of blood 
flow is not sustained but brief, followed by return to the former levels, 
the changes in skin temperature are inadequate to indicate either the 
moment or magnitude of this brief chan go (13). Therefore, nktn tempera- 
ture measurements arc a poor tool, compared with direct measurements 
of blood flow in limbs, in research on tho effects of drugs or physiologic 
effects that arc of brief action. 

Tho rate of c l i n n go of skin tomperaturcs whon the steady state has 
been disturbed can bo put to use in another aspect of effective thermal 



Fia. 7. — BimulUnoouJi mauRiremenU of blood flow and Ain temperature of a finger 
after rarioci procod urea. iAr^e thermal log of akin temperature k apparent, and in- 
adoqu^^of«in temperature to Indicate time and amount ot tnmotoey chance* in 

conductivity of tissues. Unlike the thermal circulation index, measured 
in the steady state, the rate of change involves both thermal capacity 
and thermal conductivity, but the former may be often considered con- 
stant during the experiment. When the blood flow of a limb changes 
abruptly to a new sustained level, the curve of rise of skin temperature, 
except for the initial period of acceleration, will be exponential (23). A 
plot of the logarithm of the temperature rise that is still to go before the 
final level is reached, against the time, will thai be linear (Fig. 8). The slope 
of this line is an index of effective thermal conductivity during the transi- 
tion. The graphio method helps to verify that the curve is exponential, 
fie., that the change in circulation was actually abrupt and sustained. 

This method is limited by the fact that changes in Wood flow are not 
always abrupt nor sustained. However, a useful adaptation is to observe 
the curve of return of skin temperature when it is caused to change lo- 
cally by an applicator, colder or warmer t h a n skin temperature, applied 
to the point on the akin (22). Here the time constant of the curve of 
change of skin temperature indicates the local effective thermal conduc- 
tivity. In eseenoe the method is analogous to that of observation of the 
blood flow of the skin by watching the rate of return of color after local 
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pressure occlusion. It offers a measure of local aldn flow, whereas the 
ordinary use of skin temperatures gives information not exclusively con- 
cerned with blood flow of the akin. The limitation is that the local appli- 
cation must not produce any vascular change. 

3. Effect of evaporation of perspiration. Equation (2) is not strictly 
correct, becauso loss of heat from an area of skin to the environment is 
partly by means of evaporation of perspiration, insensible and sensible, 
and rate of evaporation depends not only on skin temperature but on how 
wet the g kin is, i.e., effective vapor pressure at the skin. Thus if, during 


flat* -* 



experiment, the wetness of the skin increases because of sweating, heat 
loes of the skin increases and its temperature falls, even if blood flow has 
remained constant. Because of this, a fall of skin temperature during an 
experiment cannot be interpreted as indicating a decrease in peripheral 
blood flow unless sweating has been ruled out as a cause. However, any 
rise in skin temperature must be due to an increase of blood flow, al- 
though if there has been sweating the observed rise is less than it would 
have been otherwise. Lack of this caution in interpreting skin tempera- 
ture led to the supposition that peripheral blood flow decreased In exer- 
cise, based on observations that skin temperature after heavy exercise 
was lower than before (9). Actually there is peripheral vasodilation in 
exercise, but the heavy sweating and evaporation in exercise can act uall y 
lower skin temperature despite this (12). Theoretically the thermal cir- 
culation index could be corrected for the effect of changes in evaporation 
but only if the magnitude of these changes were known (11). 
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taincd high level, ns in general vasodilation, tho temperature will rise 
rapidly, but still with a lag of many minutes in reaching the final level 
(13) (Fig. 7), but when blood flow is townrd a low value the lag will 
bo much greater (consistent with tho theory of heat flow). 

Most important i* the consideration that when tiro change of blood 
flow is not sustained but brief, followed by return to the former levels, 
tho changes In skin temperature arc inadequnto to indicate either the 
moment or mngnitudo of this brief cliango (13). Therefore, skin tempera- 
ture measurements are a jK)or tool, compared with direct measurements 
of blood flow in limbs, in research on tlm effects of drugs or physiologic 
effects that are of brief action. 

Tho rate of c linn go of skin temperatures when tho steady state has 
been disturbed can be put to use in another aspect of effective thermal 



Fio. 7.— SbnulUneoua measurement! of blood flow and «ldn temperature of a finstr 
after varloua procedural. Larjo thermal lac of »kln temperature b apparent, and ta- 
odoquacT of *ldn temperature to indicate time and amount of trnndtory dianpa In 
the dretuatkm. 

conductivity of tissues. Unlike the thermal circulation Index, measured 
in the steady stato, tho rate of change involves both thermal capacity 
and thermal conductivity, but the former may be often considered con- 
stant during the experiment. When the blood flow of a limb changes 
abruptly to a now sustained level, the curve of rise of skin temperature, 
except for the initial period of acceleration, will be exponential (23). A 
plot of the logarithm of the temperature rise that is still to go before the 
firm! level is reached, against the time, will then be linear (Fig. 8). Hie slope 
of this line Is an index of effective thermal conductivity during the transi- 
tion. The graphic method helps to verify that the curve Is exponential, 
i.e., that the change in circulation was actually abrupt and sustained. 

This method is limited by the fact that changes in blood flow are not 
always abrupt nor sustained. However, a useful adaptation is to observe 
the curve of return of skin temperature when it is caused to change lo- 
cally by an applicator, colder or warmer than skin temperature, applied 
to the point on the skin (22). Here the time oonstant of the curve of 
change of shin temperature indicates the local effective thermal conduc- 
tivity. In eseenoe the method is analogous to that of observation of the 
blood flow of the skin by watching the rate of return of color after local 
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Comment by II. C. Bnzett 

Thb li an excellent presentation of tlic practical handling of the relatively aim- 
plo equipment nettled. Occasional statements can bo misinterpreted. Thus tbs 
author draws attention to tho higher thermal sensitivity of the bade of the fingers 
as compared with tlrnt of the palmar surfaces and accounts for the contrast on a 
basis of relative distrllmtlons of thermal receptors. The explanation may be valid 
but should not bo regarded os fully established. Valid comparisons of dbtrfbutloo 
of receptors nro fiard to make since skins liavo very different texture* and thkk- 
n esses. Since the histologic structures involved ami their depth from the surface 
in these areas arc not adequately determined, the uncertainties are great. 

Dr. Burton points nut thojdiysicnl factors that may causo discrepancies in the 
normal parallelism that exists lictween surface temperatures and blood flows. 
Ile also refers to work on the cooling of arterial Wood Jn transit as the result of 
I teat exchange with cold blood returning in adjacent veins. ITowcver, he has not 
pointed out how complicated may bo tho conditions regulating physical transfer 
of heat, If this physiologic factor plays an Important role. Tho existence of tuch 
complications b highly prolrable on the basis of simple theory, so that it can be 
accepted, even though It 1ms not been adequately demonstrated. 

Tho initial demonstration of exchange of heat between adjacent arteries and 
veins wns ran do by Claodo Bernard over 70 years ago. Recent ad ranees merely 
Imvo made evident that this exchange can be of considerable magnitude and Im- 
portance. The rise in thermal conductance of tiro tissue* that occurs during 
shivering is not explained here. Tills rise may depend partly on thermal exchanges 
between artery nnd vein, in which tlie arterial blood ia warmed rather than 
cooled. The arterial supply of tho akin arise* from muscular branches anti the 
arteries concerned pass through tho muades to reach the akin. The blood flowing 
through these arteries si mold bo warmed by gain of heat from veins leering an 
active muscle and would conduct, therefore, sorao of this heat directly from the 
musclo to the akin. The consequent Improved thermal conductance would be 
advantageous in exerciso but a liability In shivering reactions. 

In individuals with vasoconstriction from exposure to cold, cooling of arterial 
blood in passage to tho periphery is useful. Under warm conditions much of the 
venous return b obviously' directed from a course in the venae eo mites to one in 
the superficial cutaneous veins. This diversion should decrease the precooling of 
arterial blood, and the decrease should be advantageous in warm conditions. 
Such variations should cause quantitative discrepancies to be found between 
change* in surface temperature and those in blood flow. Such disoreponeie* from 
linear relationshipe are recognized and may have many causes. One may be the 
physiologic adjustment under discussion. 'Hi ere are no adequate data to allow 
an accurate estimate of the modification of thermal conductance attainable by 
guoh adjustments. 

Comment by Ilardd D. Orem 

For prolonged temperature registration we have found it highly satisfactory 
to attach tho actual thermocouple to the skin with a drop of flexible collodion, 
attaching the loads at a short distance with adhesive tape, ioss error appears to 
be caused by the thermal Insulation provided by the thin layer of collodion 
than by an unnotioed air gap between the skin and the thermocouple. 




The pulley attached to tire other end of the abaft rotates and move* a 
metal tape on which aro attached metal pirn which cast shadows on the 
photographic paper. The pins are ao spaced that one is always casting a 
shadow. Tho thread in the screw end of the shaft, site of the bone-lino 
adjustment bellows and site of tho pulley ore such that 1 mm movement 
of the pin shadowa represents 3 eu mm volume change in the pneumatic 
system. 

On the other end of the bousing of tho base-line adjustment bellows is 
a screw fixod to a calibration lever (Fig. 1). Jly means of stop* adjusted 
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IV. Sensitive Portable Plethyamograph 
anoiiai;i~ uuncti. i/a.Wnr* 

Plethysmography is not a now method of study in physiology, but its 
uso for study of peripheral blood vessels has been limited to the labo- 
ratory because of tho complicated nature of tho apparatus and diffi- 
culties of maintenance. Tho plcthysmograph described here has the ad- 
vantages of Iwlng portablo nnd nbout as simple to employ as tho electro- 
cardiograph (1). Its practical nature should permit its application in 
human and general physiology, psychiatry, normal and abnormal -vascu- 
lar states and genera! clinical and experimental medicine. 

APPAHATUS 

The plcthysmogmph* consists of a sensitive volume-recording metal 
dome-shaped diaphragm or capsulo which activates a mounted bow and 
bow string, lighting and lens systems for focusing the bow string, a coan» 
volume-recording system, timers, a camera and a selector valve (Fig. 1). 

Tho pneumatic system consists of the sensitive metal diaphragm or 
capsule, a metal bellows to control the position of the bow string and an 
extremity cup, all connected at atmospheric: pressure by thick-wallod 1 
mm robber tubing (Fig. 1). With the pneumatic system closed, any 
change in volume of the part enclosed in the extremity cup causes a 
change in volume of the capsule, movement of which activates a short 
arm of light aluminum tube shaped essentially like a question mark 
around a pin set in jewel bearings. The long bow-shaped end moves 40 
times the distance of the short arm. It carries a fine quart* bow string 
which is magnified about 150 time* and focused by lenses on moving 
photographic: paper of an electrocardiographic camera. Photographing 
can be done in a room with ordinary lighting. The selector valve is con- 
nected to three rubber tubes which may be connected to three extremity 
cups. (This can be modified to include any deeired number.) By means of 
the selector valve any of the three parts can be selected for successive 
study. The coarse recorder bellows or beee-line adjustment is also con- 
nected to the pneumatic system. Any change of volume of this bellows 
shifts the position of the capsule, thus moving the bow and bow string. 

' , j.r.rm fZdiir»d b 7 Cambridxe Instrument Company. Now York. 
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The recorder should be adequately damped to record volume change* 
accurately. Overshooting and overdamping result in distortions in re- 
corded volume changes. A meclumtcal device to produce a constant 
change In volume at desired rates from very low to very high frequencies 
by compressing and releasing a metal Mfows is connected to tho pneu- 
matic system. 

PROCEDURE 

The conditions and method for recording tlw plethysmograra de- 
scribed here are intended for relatively ideal conditions, although good 
work can bo performed under less satisfactory conditions. 




Fio. 2. — Apparatus for mcssirSn* xolan* of pan for study. In A, water displaced 
by part tpd* from cylinder a to grad anted tc*t tabe b for mtMnrtrocnt. In B, water 
dtapJaeed by part tbfpUcea a meoaco* in narrow bear tube a width connect* with 
cylinder b near baae; r, millimeter *rale. C, extremity cop in place 


a) Phytieal environment . — The typo of observation room is of greatest 
importance (9). Temperature of 75 F and relative humidity of 50-60 per 
cent, with no drafts, are good conditions for a Testing subject. The room 
should be pleasant and simply decorated to resemble one in a home. 
Tills loads to relaxation and reduces anxiety, apprehension and other 
disturbed psychic phenomena. The subject should remove all clothing or 
everything except iooeo underwear. Covering with a sheet or blanket is 
perxmsaible. Tho subject must not become cool or warm; he must be 
comfortable at all time*. 

The part for study should rest at the level of the heart. When the sub- 
ject is supine and the legs are relaxed and slightly rotated externally, the 
tip* of the toe* are at about heart level and need no support. For the 
finger-tips on adjustable arm rest is preferable, though pillows may be 
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Ijy Bet screws, partial rotation of tlw calibration lovor effects a 10 cu mm 
clmngo in volume in tho pneumatic system. This cliango results in move- 
ment of tho bowstring, making it possible to con it rt linear change In the 
Ixnv string shadow of tho completed plcthysmogrnph to cuhio millimcterB 
of ohatigo in volume of the port enclosed in tho extremity cup. 

Since tho parts of the oxtremity (finger- ond toe-tijw) vary in sire, sensi- 
tivity of tho l>ow string must l»c adjusted to reduce nil linear movements 
of tho string shadow to a standard unit of volume of a standard size part 
(5 cc is used since average site of the tip of tiro index finger is 5 ce). 
Sensitivity of tho bow string con be varied to permit selection of a rela- 
tively large or small amount of movement of tho string shadow for a 
given ahango in volume in tho pneumatic system (vide infra). 

Tho time that elapses when tho camera is off is recorded automatically 
by a master timer or elapsed tlmo indicator which rotates a pulley and 
metal tape. Fixed to the tape aro four pins of different diameters which 
cast shadows of different widths on tiio plcthysmogram. The rate of ro- 
tation of tho timer shaft anti rise of tho pulley arc such that 4 mm of 
movement of a timer pin shadow is equivalent to tho elapse of 1 mia. 
From tho width of the timor pin shadows and their relative positions be- 
fore the recording is stopped and those at the beginning of the next inter- 
val of recording, tho time tho camera was off is measurable to a fraction 
of a minuto (see Fig. 3). This is of vnluo in study of the effects of stimuli, 
drugs and other procedures. 

Horizontal millimeter lines and time marks arc like those used in elec- 
trocardiography. Simple rotation of a lever changes the speed of the 
camera from 9.6 cm /min (slow) to about 146 cm /min (fast). Light inten- 
sity, timers and camera spoed are changed with each simple rotation of 
the speed control lever to assure good recording at the two speeds. 

The extremity cup (Fig. 2, (7) is a thin -walled plastic test tube with one 
end cloeed by a diaphragm of the same plastic. The diaphragm has a hole 
shaped to fit the finger- or toe-tip loosely. Entering the lumen of the cup 
through the diaphragm is a thin-walled brass tube to which is connected 
the rubber tubing from the plethysmography A fairly large assortment of 
cups should be available to allow a fit for any size of finger or toe. The 
cups are chosen to insure minimal dead epaoe without the part’s resting 
against the wall. 

The crucial portion of the instrument from the physical point of view 
is the sensitive metal capsule or diaphragm, made of 0.002 in. aluminum 
sheeting. The natural frequency of the recording membrane should be 
four or five times the most rapid frequency of the vibrations to be meas- 
ured. Ordinarily, maximal frequency of the most rapid rates of volume 
nTiftngw is found in the upstroke and dicrotic notch of the wave of the 
volume pulse. These have a frequency of about 10 c, averaging 6-7 half- 
cycles or deflections. The -natural frequency of the metal capsule is about 
160 c. This more than meets the requirements and makes the instrument 
suitable for study of animals with very rapid pulse rates, such as the rat. 
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The recorder should bo adequately damped to record volume changes 
accurately. Overshooting and ovcrdnmping result in distortions in re- 
corded volume changes. A mechanical device to produce a constant 
change in volume at desired rates from very low to very high frequencies 
by compressing and releasing a metal bellows is connected to tho pneu- 
matic system. 


PROCEDURE 

The conditions and method for recording the plerthysmogram de- 
scribed here arc intended for relatively Ideal conditions, although good 
work can be performed under less satisfactory conditions. 



Fia. 2. — AppcnUm for miMiirbg roltnae of port for itody. In A, water cfi*p laced 

X part fpflli from cylinder a to graduated teat tube 6 for measurement. In B, water 
Dlaeed by part displaces a meniscus in narrow bore tube a which connects with 
cylinder 6 near base; c, millimeter scale. C, extremity cup in place. 


a) Physical environment. — Tho type of observation room is of greatest 
importance (B). Temperature of 75 F and relative humidity of 50-60 per 
cent, with no drafts, are good conditions for a resting subjeot. The room 
should be pleasant and simply decorated to rceemble one in a home. 
This leads to relaxation and reduces anxiety, apprehension and other 
disturbed psychic phenomena. The subject should remove all clothing or 
everything except loose underwear. Covering with a sheet or blanket is 
permissible. The subjeot must not become cool or warm; he must be 
comfortable at all times. 

The part for study should rest at the level of the heart. When the sub- 
ject is supine and the legs are relaxed and slightly rotated externally, the 
tips of the toes are at about heart level and need no support. For the 
finger-tips on adjustable arm rest is preferable, though pillows may be 
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used. It ia imperative that the extremity oup touch nothing. The aim 
must be free from any torsion of the blood vessels. 

No special preparation of the subject is required, although it is best 
that ho refrain from eating, drinking, smoking and use of drugs long 
enough to avoid any influence on tho blood vessels. He should be relaxed 
mentally and physically. Tho manner in which he is handled and the con- 
duct of the observer during tho recording arc extremely important. A 
satisfactory recording can be obtained on tho first attompt if sufficient 
attention is given the patient's psyche. 

b) Measure of volume of pari for study . — Highly accurate measurements 
to within several cubic millimeters (2, 3) are not necessary for usual clini- 
cal purposes. Two simple methods are used in this laboratory. (1) A In- * 
cite cylinder (Fig. 2, B, 6) has a narrow vertical glass tube, a, fixed along 
its outer wall and connected with its lumen near tho base. A millimeter 
scale, c, ia placod near the tube. The internal diameter of 6 is such that an 
increase of 1 ml in volume of its liquid contents causes the meniscus in 
tube a to rise 0.5 mm. The cylinder is filled about three-quarters full 
with water. A detergent is placed over the fluid in tube a to prevent the 
meniscus from sticking. To measure volume, the part to be enclosed in 
the extremity cup is submerged in tho water in the cylinder. The linear 
rise of the meniscus in tube a in millimeters produced by displacement of 
water in the cylinder indicates the volume of the part. Each 0.6 mm rise 
equals 1 co of part. This method is accurate to 0.2 cc. (2) A large vessel 
(Fig. 2, A, a) cm a horizontal platform ia filled with water until it over- 
flows into the calibrated (Esmarch) tube, b. The tube is removed from 
the metal clip, emptied and replaced. The part to be studied is gently in- 
serted in the water until the portion to be included in the extremity cup 
is immersed. The water displaced spills into tube b and la equal to the 
volume of the portion of the extremity to be studied. The method ia accu- 
rate to about 0.1 cc. 

c) Connection of pari to pleth yt/u ogrxtph . — An extremity cup is selected 
that fits snugly without constriction. The diaphragm through which tho 
part is inserted ia shaped with a sharp knife. Sealing material (printers 
roller compound brought to proper consistency with Le Pago's glue) is 
heated in hot water until it is viscous enough to be applied to make a 
tight seal. The same amount of part is enclosed in the cop that was Im- 
mersed in the volume-measuring cylinder. After the sealing jefly has 
stiffened, the rubber tubing leading from the plethysmograph is con- 
nected to the metal tube on the cup diaphragm, fixed to the domrm of 
the hand or foot and then forearm or leg with adhesive tape. This is im- 
portant to prevent extraneous volume changes in the plethysmogram- 
■\yhen the extremity cups ore being connected to the parts in the "open' 
and "closed" valves should be turned to "open." This connects tho pneu- 
xnatio system to the atmosphere and protects the sensitive metal capsule 
lf hile connecting the part to the instrument. This precaution is exceed- 
ingly important. Simple turning of the valve to "dosed" position isolates 
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the pneumatic system and part from the atmosphere at atmospheric 
pressure. The part is now ready for testing. 

d) Focusing and adjusting of string shadow . — The string should rest at 
the center of the camera slit when the string Is at the midposition of sensi- 
tivity with the pneumatic system open to the atmosphere. When the sys- 
tem is closed the string shadow can be brought to any position with the 
base-line adjustment. When the pneumatic system is open the string 
suddenly returns to original position. After the part is connected for 
study, tho selector control is properly set and the valve for that part 
dosed. The string shadow is then brought to the desired position with the 
baae-lino adjustment. If this is impossible there is a leak in the system, 
usually at the jelly seal at the extremity cup. The string shadow is then 
focused. By pressing on the calibrator lever until it ia stopped, a 10 cu 

TABLE 1. — Nscbmaiit Lihiiab Movement or Bteixo Shadow rofl Vaeiocx Snaa 
or Pahts to Feeutt Stawdaedoatioh ox Pleththmoobam 


Toctjmx or 

IIh fhraa Saadow 

Vm.UMA or 

Mm ftruAO Shadow 

Paxt. Oo 

Hun if ova 

Paxt, C * 

Um Mot* 

1.0 

50.0 

5 2 
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41.7 

6.4 

9.8 
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35.7 

5.6 

8.9 

1.0 

31.3 

6.8 

8.6 

1.8 

27.8 

6 0 

8.8 

2.0 

25.0 

0.2 

8.1 

2.2 

22.7 

6.4 

7.8 
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» 8 

6.6 

7.6 
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19.2 
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7.4 
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17.0 
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7.2 

6.9 
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16 6 

7.4 

6.8 
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14.7 

7.6 

6.6 

8.6 

18.9 
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6.4 

8.8 

18.2 

8.0 

6.8 

4.0 

12.5 

8 2 

6.1 

4.2 

11.0 

8 4 

6.0 

4.4 

11.4 

8 6 

5.8. 

4.6 

10 9 

8.8 

6.7 

4 8 

10 4 

0 0 

6.6 

5.0 
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mm change in volume ia produoed. From the already measured 
volume of the part the string shadow is adjusted in sensitivity until a 
10 mm movement of the shadow occurs per 10 cu mm volume change per 
6 co of part. Table 1 indicates the necessary linear movement of the 
shadow for parte of various sixea. As a result of such standar disa tion 
each millimeter of movement of the string shadow on the plethysmogram 
equals 1.0 cu mm change in volume per 5 cc of part. This eliminates 
calculations to reduce recordings to a common unit of measurement 
and permits direct and quantitative reading of the plethynmognun. 

e) Taking the pldhytmogram . — After standardixatian the plothysmo- 
gnim la recorded. The string shadow should be brought to the center of 
the camera slit at the begi nnin g and on terminatioc of eaoh recording to 
uisure accurate measure of gross changes in volume. During recording the 
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calibrator lever is deflected to make an associated record of tho stand- 
ards ration for future reference. The recording is made for 3 or 4 min 
(longer periods are required to study gamma deflections) at slow camera 
speed. If the string shadow tends to move away from the camera slit it 
should be returned to position. Base-line adjustments should be used as 
infrequently os poesible. The string shadow is allowed to move back and 
forth spontaneously. If the subject is properly relaxed, base-line adjust- 
ments are used relatively little. It is advisable to terminate each record- 



bm* hnw 



Fio. 8. — Drawing of •egment of pl(Rhj*mograrn. Pul* and alpha deflections, the 
more rapid deflection*, are recorded primarily by the bow string. Ba*-hne ihadow 
record* gran changes m volume of the part, cncn a* large beta and the gamma de- 
flection*; At faut apeod, configuration* oi pul*e wave* are evident. From the time the 
camera waa turned ad the finrt. time until it wa» turned on again, the elapsed timer 
shadow ahifted 0 mm; the ahift represent* a 1J5 min laf«e of time.- 


mg with a few oeoonds of recording at fast camera speed to permit study 
of morphologic characteristics of individual pulse waves. With the re- 
cording completed, set all valves to “open" before disconnecting the tub- 
ing from the extremity cup. 

The plrihysmoffram . — This is an ordinary type of Cartesian co-ordi- 
nate. In Figure 3 the slow speed record shows the volume of the pulse 
wave very well without dotailed configurations. The fast speed record 
clearly depicts details of the pulse wave. Figure* 3 and 4 show the alpha 
t core* or dcfloctiona and respiratory and beta defections. Portions of 
gamma waves are being traced by tho pin shadows of the haso-lino ad- 
justment. The several types of spontaneous variations in volume of the 
part are shown in Figure 4. Change of tho string shadow to a new posi- 
tion by tho base-line adjustment causes a sudden simultaneous change 
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in portion of this shadow and the pin shadow of the baae-Une adjust- 
ment (Fig. 3). The base-line indicator moves up when an increase in 
total volume of the part necessitates adjustment of the base-line, and 
vice versa, and draw* a graph of gross change in volume of the part. 
The record therefore notes continuously suddon small changes (string 
reoord) and any simultaneous large changes in volume of the part (base- 
line Indicator). 

The plethysmogram is a record of tho changes In volume of the part in 
relation to time. Volume changes for the usual periods of time of record- 
ing must bo due to fluctuations in volume of at least three types of fluid: 

• Puloc vcrv«o 

aVvWWA 

• l5*oc. 0 

A * 



Fig. 4.- -Vim type* of •pont*n«ov» roloroe drfeetloo*. (Reproduced by ooarltay of 
Am. J. Fhyiiol.) 

blood in the vessels, inter- and intracellular fluid, and lymph in the 
lymphatics. In the average subject with the part at heart level it U un- 
likely that variations in volume of inter- and intracellular fluid contrib- 
ute much to volume change except in special circumstances (7). Varia- 
tions in lymph volume of the part probably do contribute to volume de- 
flections of relatively slow frequency (7, 6). In the main, variations in 
blood volume in the port are responsible for changes in volume of the 
\*rt. The recorded volume cliangcs are the algebraic summation of many 
volume changes occurring to various degrees and directions in many 
different portions of the enclosed part caused by many little known phe- 
nomena. Because tho role of the various types of blood vessels in produc- 
tion of volume changes is not known, only certain generally accepted con- 
cepts of function for each type of vessel can be applied to interpretation 
and application o! tho plethyumograra. Certain foots are sufficiently im- 
portant to warrant discusooTU 
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With a subject renting quietly in bed in a comfortable environment, 
at least five types of spontaneous deflections in volume of the part are 
observed (4-6, 10, 11). Spontaneous changes in tips of the fingers and 
toes range from leas than 0.1 to 350 or more ou mm/6 cc of part,* 

(a) Pulse waves or deflections: These are occasioned by the heart beat, 
and their volume varies markedly (Pigs. 3 and 4). There is a definite 
relation between volume of the pulse and the alpha wave. Variations in 
vol um e in normal subjects are given in Table 2. Frequency erf pulse de- 
flection varies with heart rate. 


TABLE 2. — Qd.KnTA.TrvE Chaiuotehietics ok Puisb ajtd Alpha Deflections or 
12 Ilium ho NohiUl Adults Aoid 22-M (6 Wouhn) 
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(b) Respiratory deflections: Variations in volume occur with the res- 
piratory cycle (Pig. 3). They are most, highly developed in the pinnae 
and least in the toes. Kates vary with respiratory rate; in the normal 
subject their volume varies from less than 0.1 to 6 cu mm. 

A special type of respiratory deflection occurs most prominently in the 
fingers and toee within a few seconds after a deep inspiration. It may 
present several characteristica. (1) There is a spontaneous, sudden de- 
crease in volume, unrelated to external stimuli, varying from 6 to 106 cu 
mm and associated with a decrease in volume erf the pulse deflections. 
After a few pulse beats vasodilatation begins and continues until the 
previous pulsatile characteristics are reached. A series of small (2-8 cu 
mm) alpha waves appears before vasodilatation is complete. (2) After 
two or more successive deep inspirations, the response diminishes until 
no response follows, a kind of tachyphylaxis. The shorter the interval 
betwesi deep inspirations, the leas the volume change. (3) Change in the 
pinnae is not as definite, predictable or as large as in the fingers and toes, 
nor is it nece*arily concordant with that in the fingers and toes. There 
may be an increase or a decrease in volume following deep inspiration. 

(c) Alplia deflections: These volume changes, next fn frequency to res- 
piratory deflections, are present in all parts of the body. They vary In 
frequency and sire (Table 2). They are not uniform in any fashion, al- 
though contours of the deflections may bo smooth. No absolute correla- 
tion between frequency and volume necessarily exists. Volume tends to 
vary in different individuals. The deflections do not depend on varia- 
tions in arterial pressure ( 4 , 8). Sympathectomy and sympathetic nerve 

• Henceforth wlton* eh*ti*r*ln a p*rt ata prfreti »» ctl tntaji « of part. 
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block inhibit alpha deflection* almost on ti rely. These deflections in 
fingers, toes and pinnae do not always vary concordnntly (11). 

( d) Beta deflections: Tbo succession of alpha wave* is superimpoeed 
on the large beta deflections (Fig. 4). Frequency is 1 -2/min and rise, 
■V-60 cu mm. Beta doflcctions are exhibited in all parts. Frequency and 
volume arc totally irregular lmt tend to vary concordnntly in fingers, 
toes and pinnae. 

(<) Gamma deflections: Those develop blowly and may reach extensivo 
changes in volume (Fig. 4), from 1 to 8/hr and from 60 to 360 cu mm in 
rate. Variation tends toward concordance in fingers, toes and pinnae, but 
there is not necessarily a constant relationship. 

Each type of deflection is superimpoeed on the next slowest. At least 
one other deflection, of a frequency slower than that of the gamma de- 
flection, has not had intensive study. During prolonged studies, varia- 
tions m room temperature may change the volume of air in the extremity 
cup. To study quantitatively tho deflections of si on- frequency, room 
temperature roust be controlled. Perspiration occurs at on almost uni- 
form rate under comfort ablo environmental conditions and therefore 
shifts the base line uniformly without distorting the volume deflections. 

In moot circumstances pulso and alpha deflections tend to vary directly 
with each other (11). However, wlien there ia marie ed vasoconstriction 
both deflections are small; with marked vasodilation tho pulse deflec- 
tions have large volume while tho alpha deflections are small. Wlien vas- 
cular tone in the peripheral blood vessels is at a mean level the pulse de- 
flections are of medium rise and the alpha deflections reach largo pro- 
portions. In the presence of disease these reactions are disturbed. 

Striking ohanges in pulse and alpha deflections occur in the normal 
individual in special circumstances. Psychic disturbance*, ranging from 
mild discomfort to mental tension, are reflected. Measurement of the 
change* in character of the spontaneous volume deflections may even aid 
somewhat in evaluating an individual’s psychic state (4, 12). The sig- 
nificance of even slight decrease of temperature has already been 
stressed. Marked changes in deflections are noted with general or local 
heating, the reactions often serving os a good tcet for organic oochisive 
arterial and arteriolar disease. There are typical deflection changes with 
deep inspiration and shift of the part being tested with reference to heart 
level (14). The changes following blocking of the sympathetic nerve sup- 
ply to a finger- or toe-tip (13) provide a helpful test for arterial patency 
in occlusive arterial diaoaae. 

Comment 6y band I. Abramton 

The plethysmograph described bore is limited in its use to study of vasomotor 
respenues in the fingers and toes, vasmlar beds in which sperisliied vrweh, tbo 
wterkmsnoos shunts, predominate. As a result, data obtained with the apparatus 
cannot be utilised to elucidate the general problem of rssoular reactions in the 
ortremHIe*. Much evidence ha* accumulated to Indicate that In many respects 
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the changes observed In the distal portions of the Umbs are different from those 
obtained in the proximal portions. Another point to be emphasised is that with 
the piethyamogrnph of Bureb and Blnsor little information can be derived con- 
cerning the actual rate of peripheral blood flow. The fact that rigid environmental 
condition* are required to obtain significant and reproducible data precludes to a 
great extent wide clinical use of the apparatus. It appears to have a limited but 
real value in study of physiologic rwpcmaes in the distal portions of an extremity 
to various types of stimuli and in differentiating organic from spastic vascular 
disorders. Compared with other types of plethysmography it has the advantage 
of being readily portable. 
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V. Photoelectric Plethysmography of th© Skin* 

ALR1CKB. nr.RTZMAN. fc" »u Hattmilg 

In operation of the photoelectric plethyamograph (2) light from n 
Masda 222 bulb strikes, penetrates and scatters in the skin (Fig. 1). An 
undetermined fraction subsequently reaches the phototube. Part of the 
scattering in the akin is due to its blood content. If other variables which 
influence the amount of light reaching the phototube remain constant, 
changes in the blood content are reflected in the photoelectric currents. 

It is obvious that these devices are not plethyamographa but photom- 
eters which may be used to follow changes in the blood content of tis- 
sues. As photometers they are influenced by variables other than the 
blood content. It is therefore interesting that the design of photoelectric 
plethygmograph* followed rat l ter than preceded that of photoelectric 



Fro. 1- — Photoeleetrie plMfcynfiofnph. 

oximeters (0, 8). This fact may be the origin of the criticism that photo- 
electric records of changes in tissue opacity are affected grossly by the de- 
gree of oxygenation or reduction of hemoglobin. Direct information on 
the absolute magnitude of this error is not available, but the chief effect 
on Hght tranambeioii is probably due to multiple scattering of light from 
the surfaces of the erythrocytes (9). If errors due to the degree of oxy- 
genation of hemoglobin were significantly large, calibration of the photo- 
electric plethysmogram, described later, probably would not be possible. 

Other difficulties arise from movement of the part relative to the in- 
strument owing to muscle contractions, transmission of respiratory 
movements, building or stand vibrations; all produce important arti- 
facts. Occasionally, large cardiac ballistic effects on the head preclude re- 
cording from head akin. Artifacts in skin records may occur also because 
change* in volume of deeper tissues can alter the position of the akin rda- 
tiro to the p lathysmograph and so affect the amount of light reaching the 

sJ.2’KS?I^t5S6^S!* , ’ “* A “*“ “•*“ **•«**•*» lM u. Uijttd 
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the changes observed in the distal portions of the limbs are different from those 
obtained in the proximal portions. Another point to be oxnphasixsd is that with 
the plethysmograph of Burch and Wlneor little information can be derived con- 
cerning the actual rate of peripheral blood flow. The fact that rigid environmental 
conditions are required to obtain significant and reproducible data predudee to a 
great extent wide clinical use of the apparatus. It appears to have a limited but 
real value in study of physiologic responses in the distal portions of an extremity 
to various types of stimuli and in differentiating organic from spastic vascular 
disorders. Com pared with other type* of plethyemogrnphe, it has the advantage 
of being readily portable. 
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Deflect ions of tho recording galvanometers due to phototube signals 
vary in amplitude with light intensity, current output of the phototube, 
amplification and recorder sensitivity, ns well as with change* in blood 
content. Calibration (2) of the deflection on the record (Fig. 2) in terms 
of changes in blood content is readily obtained by comparison with tho 
deflection produced on insertion of n clear glass plate (section from a dear 
microscope slid© 1.1 mm thick) in the path of light returning to the 
phototube (Fig. 1). This piece of glass (theater) is mounted on a metal 
arm permanently attached to the plethysmograph. The deflection in the 
record produced by the filter is the filter «mit. Tho deflection on the 



photoelectric record due to changes in blood content may then Ixj ex- 
pressed in terms of tho filter unit from the equation 

m - j/f. t» 

where AF, is the deflection on tho record due to change in blood content, 
in millimeters, and F t is the deflection duo to insertion of the filter, in 
millimeters; AF r is then given in filter unita. This procedure wss fol- 
lowed for several years until suooeee was attained in estimating the vol- 
ume equivalent of the filter unit (5). Calibration experiments with me- 
chanical plothysmographs (5) on the finger indicate that the actual change 
in blood content of a particular akin area may be calculated from the 
photoelectric plethysmogmm by application of equations ( 1 ) and (2) to 
the plethymnogram: 

AV •» K»- aVj, 

where AF, is the photoelectric deflection due to change in blood content 
in filter unita, and K, is the volume equivalent ol the filter unit and has 
toe numerical value of 0.00026 ec/cm* skin/filter unit; AF is the change 
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phototube. Proper placement of the limb and contact of the plethyamo- 
graph with skin over bone are required to yield valid records. 

PROCEDURE 

# n ) Recording of photoelectric current t . — Recording device* vary from 
simple galvanometric arrangements to direct coupled amplifiers of spe- 
cial design. Amplifiers are preferred because of flexibility in recording ar- 
rangements, u sin g high frequency galvanometers which permit the re- 
cording of volume pulses without distortion. Amplification permits use 
of lights of low intensity and thus decreases heating effects which may be 
quite significant in the presence of low blood flown. 

A conveniently mounted phototube is readily available.* With the akin 
plerthysmograph as usually employed, this phototube furnishes a current 
of about 2 X 10 amp which through a resistance of 1 megohm provides 
an input to the amplifier of 2 X 10“* v. The superimposed signal due to 
ohangoa in blood content of the finger pad is of the order of 6-20 mv. 
Those values depend on intensity of illumination and value of resistance 
through whioh the photoelectric current flows. 

Suitable amplifier design must meet certain requirements : quiet opera- 
tion, stability, freedom from drift, linearity of response over a consider- 
able range. The required current gain is, a function of the currant sensi- 
tivity of the recording galvanometer. A suitable amplifier is described by 
Jochim (p. 111). 

Rectifiers whioh supply direct current with a sufficiently low ripplo con- 
tent are available for both filament and plate circuits, thus eliminating 
the need of batteries. Optically recording galvanometers may be ob- 
tained from several manufacturers. Mechanically recording galvanom- 
eters are also available but are not as adaptable to experimental ar- 
rangements. An inexpensive recorder which is quite satisfactory for quali- 
tative purposes is made easily from a milli am meter by removing the 
glass case, bending the needle so that the long arm rotates in the axis of 
the coil and mounting a mirror on the vertical needle arm. 

When one desires to record only the volume pulses (this has some ad- 
vantages in qualitative study of arteriomotor reactions) one may use con- 
ventional oondenser coupled circuits; however, tho condenser ooupling 
between stages should have a fairly long time constant — a condenser with 
a capacity of 4 microfarads operating through a grid leak of 200,000 
ohms usually permits faithful reproduction of tho pulse wave unless 
pulse rate is extremely alow. 

6) Quantitative photoelectric plethysmography . — The following descrip- 
tion is applicable only to estimation of changes in blood content in the 
skin with the skin plcthysmograph and only when tho glass filter to he 
described and tho phototube already mentioned are used. Substitution 
of other phototubes and of other filters requires calibration. Applica- 
bility of similar procedures to other tissues has not been explored. 

* VUtrontyp* 4LA, lUnUod Conu, CUcmo 41. 
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gree of reliability of the procedure in estimation of finger blood flow in 
these cares. This statement applied only to pad flows in excess of 0.1 
cc/cm’/min; lower flows present special technical problems in calibra- 
tion. In cases in which the blood supply is furnished through multiple 
small collateral channels, the influence of these channels on the relation 
of the amplitude of the skin pulse to flow deserves recognition (1). 
Caution Is indicated in acceptance of the quantitative significance of 
photoeloctrie criteria of flow levels in such circumstances. 

Quantifaftw relations betioeen changes tn blood fiow and in blood con- 
tent ifi). — In the usual vasoconstrictor responses in tho finger pad, such as 
those elicited roflcxly, a decrease in blood flow of 0.10 cc/om*/min is ae- 
oom ponied by a decrease in blood content of 0.0012 cc/cm 1 . Variations 
fmm this relation are relatively small in such responses. However, when 
the finger is exposed to cold (4 C) this relation may change grossly. 
Similar deviations may bo observed in other »Hn areas. They are inter- 
preted as indicating an "active" venous participation in the reaction. 
This procedure is therefore available on occasion as a means of distin- 
guishing arteriomotor and venomotor reactions. 

Estimation of blood content of minute vessels of skin. — The vasoconstric- 
tion elicited in the akin by a blast of cold air probably empties the minute 
vessels completely, aa the photoelectrio estimation of changes In the 
blood content of these vessels leads to values whloh may be approxi- 
mated by other methods (5). A total blood volume of 60 cc/m* is esti- 
mated to be contained in the minute skin vowels under "average” con- 
ditions. 


Comment by II. C. Basett 

The term plethysmograph fa poaaibly useful with the connotation here em- 
ployed, but it fa apt to be misl e a din g. The photoelectric method can at beat 
merely measure the content, and fluctuation of oontent, of blood in the super- 
ficial akin, and the record* mint remain unaffected by variatioM in blood in 
deeper tissues. While this may be regarded a* a limitation, it may alao be an aaet, 
for the commonly used plethysmographic methods give no indication of the posi- 
tion of the vowel* involved in producing chang e*. 

Hertiman claim* that the method fa not seriously impaired by error* due to 
variations in the degree of oxygenation. In thi* bo fa probably correct, at least 
under normal conditions. Blood *upp lying the akin undergo** little redaction In 
ptMsge, since the metabolic level of the *ldn i« low; the main function of blood 
flow in the *kin fa to control heat exchange. The oxygen content of venous blood 
from the superficial veins of the hand has an average saturation of 01 per cant. 
Probably the figure fa representative for akin blood (Goldschmidt, 8., and light' 
A. B.: Am . J. FhyuoL 73: 173, 1026). It is therefore unlikely that variation* in 
oxygen saturation would often be a source of <*tot. Under abnormal conditions 
however, such errors might arise, and it might be wise to prevent any such possi- 
bility by utilising filters to give a wavelength approximately equally abaorbed 
by both oxygen and reduced hemoglobin. 

Hertiman state* that normal vaeooonairictor re*poo*e* tonally give a constant 
relation between the doereaao in flow per minute and the decrease in blood eon- 
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in blood content of the Bldn expressed as cc/cm* skin. This procedure Is 
applicable to meaeuremont of amplitude of the cutaneous volume pulse 
and of the slower changes in volume resulting from vasomotor reactions, 
thermal effects, etc.; it ia not applicable when condenser coupled cir- 
croits are used. 

c) Estimation af cutaneous blood flow from amplitude of photodedricaUy 
recorded cutaneous volume pulses (/)• — Calibration of the photoelectric 
plethyamogram of the akin in terms of changes in blood content permits 
estimation of the actual amplitude of the cutaneous volume pulses. In 
the finger pad, these vary from 0.00012 cc/cm* (constriction) to 0.002 
oc/cm* (dilatation). Simultaneous measurements of blood flow in the 
terminal phalanx of the finger by a calorimetric method and by the tech- 
nique of venous occlusion indicated a fairly linpar relation between the 
level of blood flow and the amplitude of the cutaneous volume pulses in 
the flow range of 0.05-0.7 cc/om*/min. 

This observation is expressed in the equation 

blood flow - Kt-VP, 

where TP is the amplitude of cutaneous volume pulse in oc/cm* of skin, 
and K r is the flow equivalent of VP; K r hm the numerical value of 0.10 
co/cm*/min for a VP of 0.00026 cc/cm*. 

The quantitative relation between cutaneous blood flow and amplitude 
of the skin pulse is not measurably affected by variations in pulse rate 
within the usual resting range. It is also of interest that only about 0.16 
of the flow pulse distends the minute vessels during the pulse. This indi- 
cates a very small urndkessd effect in these vessels, an observation which 
may be predicted from theoretical conaidtrationa supported by other 
data (7, 10). 

This procedure is probably applicable to skin areas other than the 
finger. Thus, one may estimate total cutaneous blood flow of the body by 
sampling the sldn pulses in various areas; the resulting values are some- 
what higher than those calculated from thermal data (11). This differ- 
ence may be due to a possibly nonlinear relation between flow and pulse 
amplitude at the very low flows encountered in the resting subject in the 
skin of the trunk, arms and legs. Calibration experiments suitable to ex- 
plore this possibility offer serious technical difficoltiee, but preliminary 
data obtained on chilled subjects at the extremely low finger flows of 
0.005 cc/cmVmin indicate striking reduction in the flow equivalent of 
the skin pulse at such flow levels. Whether the flow equivalent of the pad 
pulses is transferable quantitatively to cutaneous vascular beds other 
than that of the finger remains to be studied. Nevertheless the data re- 
veal important regional differences in level of cutaneous blood flow and 
In its variations under various circumstances. 

preliminary study of applicability of the flow equivalent of tho cu- 
taneous volume pulse in the presence of arterial disease and such me- 
chanical factors as those operating in scleroderma (3) indicated a high do- 
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of one type of sectional fluid displacement plethysmography an instru- 
ment found to be satisfactory for quantitative estimation of arterial 
blood flow and changes in vasomotor tone in human physiologic studies. 
Other methods are described in principle only; details of apparatus and 
technique may bo obtained from accompanying references. Plethysmo- 
grnphic methods for circulatory studies of the viscera in a nima ls, al- 
though similar in general principle) to the method herein described, are 
not included, because of their highly specialised applicability. 

1. Fluid displacement plethysmography . — The methods in widest use 
today employ a water-air system in which the onclosed extremity is sur- 
rounded by water and displacements of relatively small volumes of air 
above the water surface are recorded. It has several advantages. The 
water, being incompressible, adds sensitivity to the recording system. 
Temperature changes, which are most difficult to control in an all-air sys- 
tem, are readily controlled by use of suitable wator-heating and -circulat- 
ing devices. Systems employing only water have been described but have 
inherent difficulties related to control of the hydrostatio pressure effects 
on the enclosed limb. 

Use of a sectional plothysmograph, by means of which only a segment 
of an extremity (hand, forearm segment or calf) is enclosed in the appa- 
ratus, has yielded much information which could not be obtained were 
the entire extremity studied as a unit. There exists much evidence, for 
example, regarding the differences in vascular responses of the hand and 
of the forearm. The differenoea in proportion of skin, subcutaneous tissue 
and muscle vary widely in the distal as contrasted to the proximal por- 
tion of an extremity. It would seem necessary, therefore, for accurate 
studies, that these portions of tho peripheral circulation be studied sepa- 
rately. The sectional plothysmograph described here has this advantage; 
it is readily adaptable to circulatory studies in the hand, forearm or calf 
and, with Blight modification in construction, can accommodate the foot. 

PROCEDURE 

a) Apparatus . — The plethysmograph chamber is essentially a metal 
box with oircular openings at opposite ends through which the extremity 
is placed. The limb rests comfortably on an adjustable wire gause cradle 
within the plothysmograph. Individually fitted, non constricting rubber 
cuffs made of thin rubber sheeting ore cemented to the shaved wVln of the 
limb at either end of the plethysmograph. The cuffs are fastened by 
heavy rubber bands and adjustable brass collars to projecting rims 
around each circular opening. The cuffs, extending from the aurfaoe of the 
extremity to the plethysmograph chamber, are supported externally by 
suitably shaped adjustable metal and celluloid diaphragms fastened to 
the apparatus so as to prevent distention of the rubber diaphragm. 
When property adjusted the limb segment is enclosed in a water-tight, 
relatively ncmdistenflible and nonconstricting chamber. For details con- 
cerning construction of the apparatus and rubber cuffs, see Abramson (1). 
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tent, the former having a numerical value some 83 times the latter. Whan the 
finger Is exposed to extreme cold (4 C) tills proportion may bo grossly changed, 
and tho alteration la Interpreted as implying "actlvo" venous participation le tlw 
nsponao to odd. Presumably this moans tlint-tho clrnngo in lilood content Is un- 
uaually large and tlint the ratio is roduccd from 83:1 to sorao lower value. It 
would bo useful if this direction and magnitude of tho change wero indicated. 
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VI. Fluid DlEplacement and Pressure Plethysmography 

CHARLES B, WIFE, TFcut6«0<!on Uniurtilg 

Plethysmography or volume recording lrna bcooroo Increasingly useful 
since Brodio and Bush oil (4) In 1005 cstnblislicd tlio principles on which 
are based tho venous occlusion method of dotorminlng blood flow. Appli- 
cations of these principles have covered a wido field; volumo measuring 
methods ha vo boon applied to tho viscoro ns well os to tho extremities hi 
man and animals (1, 3, 0, 8-10, 13, 14, 10). Tho most productive appli- 
cations have been in peripheral circulatory studies. Suitable apparatus 
have permitted estimation of arterial blood flow, study of variations In 
vasomotor tono and quantitative measurement of diangcs in ox( m- 
voscular fluid. Plethysmogrnphic methods for obtaining data on mean 
capillary blood pressure and dynamic vascular volumo have been de- 
scribed (15)* 

Because of increasing clinical Interest in peripheral circulation meas- 
urements in human extremities, this discussion includes In detail tho use 
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of one type of sectional fluid displacement plethysmograph, an instru- 
ment found to be satisfactory for quantitative estimation of arterial 
blood flow and changes in vasomotor tone in human physiologic studies. 
Other methods are described in principle only; details of apparatus and 
technique may be obtained from accompanying references. Plethysmo- 
graphic methods for circulatory studies of the viscera in animals, al- 
though similar in general princaplo to tho method horoin described, are 
not included because of thoir highly specialised applicability. 

1. Fluid displaccmtmi pldhysm oqrvphy . — Tho methods in widest use 
today employ a wutor-air system in which tho enclosed extremity is sur- 
rounded by water and displacements of relatively small volumes of air 
above tho water surface are recorded. It has several advantages. The 
water, being incompressible, adds sensitivity to tho recording system. 
Temperature changes, which are moot difficult to control in an all-air sys- 
tem, are readily controlled by use of suitable water-heating and -circulat- 
ing device*. Systems employing only water have been described but have 
inherent difficulties related to control of the hydrostatic pressure effects 
on the enclosed limb. 

Use of a sectional plethysmograph, by means of which only a segment 
of an extremity (hand, forearm segment or calf) is enclosed in the appa- 
ratus, has yielded much information which could not be obtained were 
the entire extremity studied as a unit. There exists much evidence, for 
example, regarding the differences in vascular retponses of the hand and 
of tho forearm. The differences in proportion of skin, subcutaneous tissue 
and muscle vary widely in the distal as contrasted to the proximal por- 
tion of an extremity. It would seem necessary, therefore, for accurate 
studies, that these portions of the peripheral circulation be studied sepa- 
rately. The sectional plethysmograph described here has this advantage ; 
it is readily adaptable to circulatory studies in the hand, forearm or calf 
and, with slight modification in construction, can accommodate the foot. 

PROCEDURE 

a) ApparahiM . — The plethysmograph chamber is essentially a metal 
box with circular openings at opposite ends through which the extremity 
is placed. Tho limb rests comfortably on an adjustable wire game cradle 
within tho plethysmograph. Individually fitted, nonconstricting rubber 
cuffs made of thin rubber sheeting are cemented to the shaved Am of the 
limb at either end of the plethysmograph. The cuffs are fastened by 
heavy rubber bands and adjustable brass collars to projecting rims 
around each circular opening. The cuffs, extending from the surface of the 
extremity to the plethysmograph chamber, are supported externally by 
suitably shaped adjustable metal and celluloid diaphragms fastened to 
the apparatus so as to prevent distention of the rubber diaphragm. 
When properly adjusted the limb segment is enclosed in a water-tight, 
relatively nondistensible and non constricting chamber. For details con- 
cerning construction of the apparatus and rubber cuffs, see Abramson (1). 
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The apparatus described here* consists of a metal chamber 9 X 
OVi X 4% in. with an enclosed heating element and motor-driven water 
circulator. At either end is a circular opening Q 1 /* in. in diameter with a 
projecting metal rim 1 in. wide. Each rim Is fitted with an adjustable 
brass tension collar by means of which water-tight seals can be made 
with a rubber diaphragm or sleeve in place. Use of the individually 
fitted rubber diaphragms already referred to is feasible in the hands of 
many workers; tho occurrence of water leaks, however, probably ac- 
counts for tho reluctance of somo investigators to uso this type of appa- 
ratus. Use of a rubber sleeve, if made of suitably thin rubber sheeting and 
of proper dimensions, has proved satisfactory. The sleeve is constructed 
by cutting a roctangie 14 X 21 in. of rubber sheeting 0.002 in. thick. f 
The long edges are cemented together in a doable hem with neoprene ad- 
hesive. A sleeve Is thus formed with a diameter approximately Q 1 /* h^i 
each end of which can be permanently sealed around the projecting rims 
of tho plethysmograph. If the rubber is sufficiently thin and the ex- 
tremity well dried with talc, the abundant folds of rubber will lie against 
tho surface of the lim b at all points when the apparatus is filled with 
water. Supporting diaphragms of celluloid and metal are adjusted to 
each end of the plethysmograph and prevent protrusion of any rubber 
folds. Diaphragms are cut from rectangular pieces (6 X 9 in.) of celluloid 
Vn im thick. Longitudinal slots perpendicular to the long edge on one 
side allow the diaphragms to slide h orison tally on the threaded support- 
ing rods projecting from each end of the metal box. Semicircular or semi- 
elliptical sections removed from the central edge of each piece enable a 
pair of diaphragms to enoirde accurately tho proximal or distal end of the 
limb segment within the plethysmograph. An assortment of paired dia- 
phragms forming circular or elliptical openings ranging from 2 to 7 in. in 
diameter in V« in. gradations is adequate for most studies. 

Many types of recording apparatus have been described which give 
satisfactory results. Both photographic and direct writing methods are 
feasible. For direct recording of volume changes, a miniature Krogh 
spirometer or Brodie bellows connected to the air layer in the plethysmo- 
graph is satisfactory. A 3-way valve between plethysmograph and re- 
cording system allows disconnection of the recording system during ad- 
justment. Tho Brodie bellows has greater accuracy and sensitivity; a 
bellows of about 30 ml capacity can be constructed from goldbeater s 
membrane and a hinged aluminum frame. The membrane is kept pliable 
by application of glycerin to both surface*. A writing lever about 20 cm 
long gives satisfactory magnification for recording with olther gmoked 
paper or an ink-writing pen on ordinary paper. An electrically heated 
writing lever nmng heat -sensitive paper J is most satisfactory for clinical 
work. 


; jssirssi? f— «d aw 

by S*nbom Instrument Oa- CamtrJdx*. M«. 



FLUID DISPLACEMENT AND PRESSURE PLETHYBMOORAPHY 186 

Two pressure cuffs are used when blood flow to the forearm, or calf is 
measured, A narrow caff 3 in, wide is placed around the wrist or ankle 
and by means of a 8-way valve is connected to a 20 liter air pressure reser- 
voir maintained at 60 mm Hg above systolic blood pressure. A second 
cuff 6 in. wide and long enough to encircle the hmb l 1 /* times is applied 
just above the elbow or knee. This is connected by a 3-way valve to a 20 
liter air pressure reservoir maintained at 30-40 mm Hg below the sub- 
ject's diaatolic pressure. The pressure reservoirs are connected by tubing 
sufficiently wide to permit sudden inflation of the cuffs. 

6) Technique . — Resting blood flows are moet often determined with 
the subject recumbent and the enclosed limb segment at heart level. 
The forearm or calf segment is powdered liberally and placed in the 
plethysmograph. The folds of the rubber Bleeve are arranged uniformly 
along the limh segment in the apparatus. The extremity is supported by 
sandbags on either side of the plethysmograph so that the limb rests 
ligh tly in the apparatus without compression. Celluloid diaphragms of 
suitable ■i*n are placed on the threaded support* at the forward end of 
the metal box and moved centrally so as to encircle the limb completely, 
leaving a 1-2 mm space on all aide*. Two metal diaphragms are then 
placed externally and adjusted In a vertical direction encircling the limb. 
These support the more accurately fitting celluloid diaphragms. The 
diaphragms are held firm by tightening thumb screws cm each threaded 
supporting rod. Similarly, a pair of celluloid and metal diaphragms is ad- 
justed to the proximal end of the plethysmograph, carefully avoiding 
constriction. The narrow occluding cuff is plaoed around the wrist or 
ankle and the proximal or collecting cuff is applied loosely just above the 
elbow or knee. 

Water at the desired temperature is placed in the plethysmograph 
chamber until it roachee a fixed level several centimeters above the upper 
surface of the enclosed limb segment, causing the abundant folds of the 
thin rubber sleeve to lie against the surface of the extremity at all points. 
By means of an electric heater in the chamber and a motor-driven circu- 
lating fan, water temperature is kept relatively constant Room tem- 
perature is recorded and kept at desired levels throughout a deter- 
mination. 

When the instrument is properly adjusted to the subject the apparatus 
is calibrated by suooessrve additions of 1 ml of water to the plethyamo- 
graph. A Cornwall syringe connected by a 2-way valve to a small water 
reservoir permits convenient introduction of measured quantities of 
water through the outlet at the base of the plethysmograph chamber. 
Deflection of 0J5-L0 cam of the writing lever for each additional milli- 
liter of fluid introduced is satisfactory. 

Before determinations are recorded the apparatus is checked for evi- 
dence of venous constriction at the proximal opening of the plethysmo- 
graph by inflating the congesting cuff to 10-16 mm Hg. A definite in- 
crease in volume while the cuff la inflated and a drop in volume with re- 
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lease of pressure is recorded if no appreciable constriction is present 
If pressures high&r than 16 ram Hg are required to produce this change, 
significant venous obstruction can bo assumed to bo present and re- 
adjustment of the proximal rubber cuff or diaphragm may bo necessary. 

A standard rest period of 30-00 min with the subject in position per- 
mits vascular adjustments to como to an equilibrium. With the appa- 
ratus properly adjusted and the subject cautioned to remain quiet, 
variations in volume caused by changes in vasomotor tone are best re- 
corded on a slowly moving kymograph. Rhythmic variations in volume 
can be identified os being duo to (a) arterial pulsations, (&) respiratory 
waves or (c) -spontaneous changes in vasomotor tone. Volume changes 
due to arterial pulsations are easily recognised and are always observed if 
the apparatus is properly adjusted. Changes synchronous with respira- 
tion are common in the upper extremity and are largely mechanical arti- 
facts caused by respiratory motions of the chest transmitted to the arm. 
These waves can often bo eliminated by placing the extremity in greater 
abduotion. The slower, more irregular variations in volume are due to 
changes in vasomotor tone and are more pronounced in the digits and 
distal portions of the extremity than in a proximal segment. They become 
more evident at moderately elevated temperatures and diminish with 
cold. Sleep, mental or emotional stimulation and pain affect these spon- 
taneous variations. 

Arterial blood flow determinations aro raado by sudden occlusion of 
venous return from tho enclosed segment. The subsequent increase m 
volinno of the distal portion of the extremity during the first few seconds 
following occlusion is presumed to bo duo entirely to the unrestricted 
arterial inflow. Several obvious precautions should be taken. Pressure 
level of tho venous occlusion cuff must be set high enough to prevent any 
venous outflow but not to interfere with arterial circulation. Pressure 
30-40 mm Hg below tho subject’s diastolic pressure gives consistently 
satisfactory records. During the determination of blood flow in a proxi- 
mal segment of an extremity, it is necessary to occlude the circulation to 
more distal portions. Venous return from the hand, for example, intro- 
duces a source of error when the forearm segment is being studied. The 
distal pressure cull, therefore, is inflated to approximately 60 mm Hg 
above systolic pressure about 30 sec before the forearm blood flow is re- 
corded and kept inflated for several minutes during a series of deter- 
minations. At least 30 sec is necessary after inflation of the distil cuff to 
allow for readjustments in vascular tone in the proximal segment of the 
extremity. 

To measure blood flow in the hand the sectional plethysmograph can 
be modified by removing the sleeve -and cloning one of tho circular open- 
ings with a water-tight rubber diaphragm supported by a rigid metal 
plate fastened externally to the chamber. A non constricting rubber crafT 
is cemented to the wrist and the hand allowed to rest comfortably on the 
wire cradle in the plethysmograph. In a manner similar to that already 
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described, the rubber cuff is fastened to the projecting rim of the circular 
opening and a water-tight seal formed by rubber bands and brass tension 
collar. A collecting pressure cuff 1 b placed immediately proximal to the 
enclosed portion of the extremity and connected to an air pressure reser- 
voir maintained 30-40 mm Hg below diastolic pressure. In other respects 
the technique is similar to that described for the forearm. 

c) Interpretation . — Sample tracings taken from a normal calf segment 
at the indicated temperatures are shown in Figure 1. The upper line 
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Fia. 1.— Sample tracing* of flakl displacement plethjnnnofraph, ud adculatknu. 
A: calf segment rofum/i, 030 cc; wate r temperature, 37 C; calibration factor, 0.5 
cm/mL 

blood flow — x 030 “ * 0 ml/100 cc Uwuo/miu. 

B: call *rgrr*nt volume, 630 cc; water temperature, 48 C; calibration factor, 0J5 
pin / ml. 

blood flow - ^ QgQ “ 8.4 ml/100 ee Uwoe/min. 


represents limb volume; the signal mark on the center line designates 
onset and release of venous occlusion, and the lower line indicates time 
in seconds. Arterial inflow is calculated from the slope of a line (A-B) 
drawn through corresponding points on the first two or three pulse waves 
following venous occlusion. The base line (C-D) from which the slope is 
derived is obtained by connecting corresponding points on the pulse 
waves immediately preceding venoos occlusion. From tho time scale, a 
distance equivalent to 20 soc is measured off on the base line and a per- 
pendicular (L) erected at this point. Blood flow in ml/ min/ 100 cc of tls- 
suo is calculated from the formula : 


■* blood flow (ml/mln/100 co tbroe), 
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where L ia the perpendiouiar rise in slope during 10 see, in centimeters; 
.S’, calibration constant of tiro recording apparatus, in cm deflection/cu 
cm change in volume; V , volume of the enclosed limb segment, in cubic 
centimeters. Volumo of the extremity can be measured by suitable water 
displacement methods in a graduated cylinder; for forearm or calf, vol- 
umo can be mathematically calculated from, the average circumference 
and length of the segment. 

Reliability of the method depends largely on proper construction of 
the slope and base lines. Several artifacts may cause difficulty in analysis 
of the record. Obviously, the system must be water-tight. A persistent 
slow drop In tho base line may be duo to leakage and must be corrected. 
Frequently, a sudden sharp rise or drop is observed in the volume record- 
ing coincident with inflation of the congesting cuff. This is a mechanical 
artifact due to shifting of the extremity with expansion of the cuff. Re- 
application of tho cuff and readjustment of the supporting sandbags 
minimise this artifact. If recognised and consistent, the base line artifact 
can be ignored and the slope constructed as before. 

From mathematical considerations it is readily seen that very slow 
or rapid rntoe of flow may give inflow curves whose slopes approach either 
0° or 90° with respect to the base line. Calculations based on curves in 
these extreme regions are inaccurate. It is useful, therefore, whenever 
possible to adjust tho speed of tho kymograph to allow inflow curves 
whose slopes aro between 30 and 00°. A kymograph papor Bpeed aa low 
as 1-2 mm/seo may bo necessary in very slow rates of flow, whereas 
speeds as high os 5-0 mm /sec are used in more rapid blood flow rates. 

Errors in calculation may arise from nonlinearity of the recording sys- 
tem. The writing lever inscribes an arc, whereas the calculations are 
based on rectilinear rise from the base line. If the lever is sufficiently long, 
however, and the inflow curves are obtained in the same region of the re- 
cording are, the error is minimised and may be disregarded. Calibration 
of the bellows before each series of determinations with the extremity in 
position gives deflections so close to linearity that correction for the are 
would not appear to be necessary. Methods have been described, how- 
ever, using special writing levers (19) or optical recording systems (6) 
which eliminate the nonlinearity of a simple writing lever. 

d) Appiicaiiona , — Plethysmographic methods have contributed much 
to the understanding erf factors ooncerned in normal peripheral circula- 
tion in man. The technique haa been applied to study of vascular re- 
sponses to chemical and physical stimuli in normal (12) and hyperten- 
sive states (17, 18) and In functional and organic vascular disorders (11) 
and is useful in evaluation of the vascular effects of drugs (16) and other 
therapeutic procedure* (3, 7). The chief disadvantage of plethysmog- 
raphy flea in the many inherent technical difficulties which have pre- 
vented the widespread application it deserves. 

2. Pressure pidhytmogrophy .— For measuring tbs relatively small 
variations in extra vascular tissue fluid the usual plethysmograph is not 
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satisfactory. A pressure plethysmograph (10, 13) has been devised In 
which pressure is exerted on the surface of tho forearm to collapse the 
blood vessels before volume of the segment is determined. The state of 
contraction or dilatation of the blood vessels does not interfere with 
measurement of relatively small changes in volume of extra vascular tis- 
sue fluid. By appropriate calculations tho numbor of milliliters of fluid 
filtered or absorbed per 100 ee of forearm tissue can be determined with 
reasonable accuracy. 



PROCEDURE 

a) Apparaiu *. — The apparatus (Fig. 2) consists of a water-filled metal 
cylinder with an inner rubber sleevo connected by pressure tubing to a 
200 ml buret. By opening a valve to an air pressure reservoir, 200 mm 
Hg of pressure Is applied to the water in the buret and transmitted to the 
plothysmograph, thereby compressing the enclosed forearm segment 
As water flows out of the buret during application of pressure, tho buret 
is raised and volume readings are made with the water level in the buret 
at the same height as the top of tho plethysmograph. Readings are made 
at the end of 2 min of compression, then pressure is released. The volume 
thus recorded has boon called the “reduced” or “avascular” arm volume. 
Temperature is controlled by circulating water from a reservoir kept at 
constant temperature through a jacket around the plethysmograph cyl- 
inder and Inflow tube. 
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6) TctJiniquc . — Tho subject remains recumbent -with the arm abducted 
and elbow flexed for 1 hr before obaorvationa begin in order to control 
variations in tho amount of oxtmvascular fluid caused by previous ac- 
tivity or dependency. Readings ore mado at 10 min intervals. Difference 
in volume between successive readings of tho compressed segment repre- 
sents eithor changes in extra vascular fluid or artifact due to small 
amounts of tissuo expressed from the instrument durin g each period of 
compression. Brown, Wise and Wheeler (5) found that with each subject 
tested a small constant decrease in reduced arm volume at 54-35 C 
could be attributed to tho mechanical artifact of each compression. An 
increase in volume can bo Ascribed to capillary filtration, and a decrease 
in volume greater than that duo to tho mochanical artifact can be 
ascribed to capillary absorption or lymphatio drainage. Filtration rate* 
can be computed and expressed as ml of fluid/100 cc of forearm tissue/ 
min/cm rise in venous pressure. 

c) Application .—' This method is applicable to studies in which fluid 
movement in the tissues of the extremities warrants quantitative meas- 
urement. Duo care in eliminating constriction at the proximal opening of 
the plethysmograph and proper preparation of the subject before obser- 
vation are essential for reliable results. In patients with edema, stand- 
ardisation of water and salt in take and elimination of gravitational 
off cote on fluid accumulation in the observed forearm arc probably neces- 
sary for consistent results. Although pressure plethysmography has re- 
ceived relatively Little attention, It is described hero because, properly 
applied, it may givo extensive information concerning tissuo fluid dis- 
turbances in many clinical conditions. 


Not*. — T his section wu reviewed by Eugene M. Landis. 


Comment by Harold D. Green 

An optically recording plethysmograph has been described by G. W. Wright, 
and K. Phelps (Comparison of procedures for increasing blood flow to limbs 
using an improved optical plethysmograph, J. Clin. Investigation 19:278, 1940). 
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VII. Measurement of Renal Blood Flow 

EWALD K. SELKURT, TFWsm Smtn UniirtU# 


Measure meat of renal blood flow is accompHahed by dirtci methods in 
animals throng cannulation of renal vein or artery and use of suitable 
flow meters, or by indirod methods employing the renal clearance prin- 
ciple, applicable to both animals and man. In the latter, almost complete 
extraction by the kidney of certain eubetanoes (e.g., diodraat or para- 
aminohippuric acid) from renal plasma makes their clearance a measure 
of renal plasma flow and, combined with simultaneous hematocrit deter- 
mination, a measure of renal blood flow. 

1. Direct methods. — (a) Venous outflow — Since direct cannulation of 
the renal vein may necessitate undesirable stoppage of renal circulation 
and because the fragile character of the renal vein tissue does not lend 
iteelf well to direct cannulation, indirect approach via the external jugu- 
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Iat vein and vena cava employing a long cannula is recommended A 
cannula suitable for uso in dogs is constructed from thin-walled brass 
tubing of 0.5 cm inside diameter. It should be about 40 an long and 
slightly bent at the tip, which has several largo perforations. A small ele- 
vated collar 1 cm from the tip insures secure ligation. The cannula is 
introduced into the right jugular vein, with a slow stream of saline per- 
fusing it, and lb gently passed into the abdominal v ena cava to the junc- 
tion of the left renal vein, as visualised through a ventral abdominal in- 
cision of the anesthetized animal (30 mg/kg of pentobarbital sodium 
intravenously is preferred). The animal is heparinized with a priming 
dose of 4 mg/kg of body weight, with additional doses of 5 mg every 30 
min thereafter (Connaught Laboratories heparin Is used). The cannula is 
then introduced into tho renal vein and securely ligated. Spermatic or 



Fio. 1. — Modified bubble flow meter utfilxms photoelectric) call principle- A, air 
outlet; B, bubble trap; C, coupling; for reuml irtenml |ifiim manometer; D, outlet 
to renal oumula; E, eoapUngfar carotid inflow cannnla; F, 3-w*r valve for sir in- 
jector; 6, connection for mir prepare system; II, photoelectric cdl; I, sir injection 
syringe; J, lamp; K, *lot for light trxnsmimfcm. 

ovarian veins should be ligated. Renal vein blood is directed from the 
renal ramnnla through a direct external circuit to the opposite (left) ex- 
ternal jugular vein. A shunting key is arranged so that when depressed, 
the return circuit to the opposite jugular vein is occluded while shnul- 
taneously a shunt circuit is opened to show - the blood to flow into 10 ml 
graduated cylinders. (Alexander's method employing a strain gauge for 
measurement of venous outflow [this volume, p. 751 is well adapted for 
this purpose.) Depression erf the key also actuates through a mercury 
contact a signal magnet in conjunction with a suitable chronometer, re- 
cording the period of outflow on the kymograph- The outflow orifice of 
the shunt circuit should be placed at a height equal to the pressure in the 
renal vein circuit. This can be approximated from the level of blood in a 
reservoir through which renal vein blood aliquots are reinfused. The reaer* 
vior Is connected by a T-cannula to the renal vein circuit at the point of 
return into the left jugular vein. 
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The length of the renal cannula creates some resistance to blood flow, 
and should be considered when interpreting the observations. However, 
re nal blood flow measured in this fashion agrees well with other direct 
methods and with estimates derived from renal clearances (10). 

b) Arterial injUns . — Accessibility of the renal artery by the dorsal re- 
troperitoneal approach makes it favorable for direct measurement of 
arterial inflow. Use of the therm oetromubr eliminates the necessity of 
arterial incision, but direct cannalntlon can be accomplished with ease 
and makes preferable the use of other flow meter*, e^p, the rotameter 
(p. 96), orifice meter (p. 102) or bubble flow meter (p. 80). 

A modification of the bubble flow meter ha* been used advantageously, 
particularly when rapidly repeated measurement of mean renal blood 



Fio. 2. — Relation of otwermi blood flow, u determined by rate of bubble more- 
tnent (aoUd line), to actual direct blood flow. Dotted line indicate* perfect correla- 
tion. 

flow was desired, as during nerve stimulation or action of rapidly acting 
vasomotor drugs. In this modification a photoelectric cell records time of 
passage of the bubble through the flow meter circuit, permitting accu- 
rate calculation simultaneous with blood pressure measurements on the 
photokymograph. The principle is apparent from Figure J. Arterial 
blood from a carotid artery of the heparinheed animal is perfused through 
the flow meter directly into the peripheral renal artery through an L- 
cannula of suitable dimensions. The central end of the renal artery must 
be ligated at its junction with the abdominal aorta just before cannu la- 
thro. The main circuit of the flow meter consists of hicite (pleriglss) 
tubing of 3 mm internal diameter and 60 cm length. Blood enters and 
leaves the tubing through a hicito block through which the bore of the 
tubing is continuous. A metal plate containing two slots directly overly- 
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ing tho continued bore of tho tubing covers tbo Iudto block. Through 
tho slots, light from a 0 v auto lamp is transmitted to an underly ing 
photoelectric cell. Air from a reservoir under pressure somewhat higher 
than tho carotid blood pressure is injected in volumes of about 0.3 cc 
into tho inflow limb of tho flow motor. Passage of this bubble under the 
“entering” and “oat” slots suddenly transmits light to the photocell. 
This impulse is amplified by a GE Victor electrocardiograph, causing the 
mirror of on auxiliary galvanometer of tho torsion string type to register 
a deflection of a light beam. 

To calculate volumotric flow, the exact volume of the flow meter from 
midpoint to midpoint of the “ontering” and "exit” slots must be known. 
Time of passage is obtained from tbo electrical timing device of the 
photokymograph. Because tho air bubble travels somewhat faster than 
the total column of blood, the observed flow is foster than the simul- 
tanoously measured volumetric outflow. This is a linear relationship di- 
rectly proportional to the rate of flow and total length of the flow meter 
circuit, hence a calibration curvo (Fig. 2) must be constructed by making 
simultaneous direct flow determinations with bubble flow nt different 
rates. 


The blood meets resistance to flow in tho meter circuit, causing mud 
arterial perfusion pressure to bo less than mean systemic arterial pres- 
sure. Tho pressure drop in the bubble flow meter used here is 16.0 mm 
Hg at a flow of 100 ml/min. 

No provision has been made for constant temperature regulation of the 
flow meter. Because of the rapid flow, there is little temperature drop 
across the meter, and rectal temperature is maintained by use of a 


warming board. 

2. Indirtci nuUhods . — The high extraction ratio 




of diodnurt 


and para-aminohippurio acid (a value of 0.86-0.93) at arterial plasma 
concentrations below about 6 mg per cent means that the renal clear- 


ance 


of these substances approaches total renal plasma flow. 


In fact, comparison of clearance of para-aminohippurio acid with direct 
plasma flow (10) has given a value of about 90 per oent of direct flow, the 
"effective” renal plasma flow; presumably the other 10 per cent goes to 


non excretory tissue. 

When measurement of effective renal plasma flow Is combined with 
clearance of substances which measure glomerular filtration rate, the 


resulting ratio, the filtration fraction, is vain- 

effective plasma flow 

able for drawing inferences as to the vasomotor state of the afferent and 
efferent arterioles. The plasma clearances of inulin, mannitol and thlo- 
aulfate are commonly used to measure glomerular filtration rate in man 
and, in addition, creatinine in the dog and certain other animals. Because 
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para-ammohippuric acid (given as the sodium salt) is well adapted to 
measurement of effective renal plasma flow because of ease and reli- 
ability of chemical analysis (11), and since clearance of inulin in man and 
of creatinine jn tho dog have become standard measures of glomerular 
filtration rate, thiB discussion emphaaixea the use of these substance*. 


PROCEDURES FOR RENAL CLEARANCE 

a) Administration of infusion fluids . — For human subjects, infusion 
rate from an overhanging Kelly infusion bottle ia regulated by a special 
tunnel clamp* (2) which exerts uniform oompreaeicin over the infusion 
tubing for 4 in. Rato of inflow is determined by counting drops through a 
dropper arrangement (Murphy drip) in tho mfusiah oircurt. The tubing 
is freed of air by rinsing with hot saline. Infusion is into the antecubital 
vein. P riming doocs of the substances to be cleared are injected via the 
infusion tubing about 20 min before beginning urine collection. 

For infusion into dogs, the method used in the laboratory of Dr. 
Homer \V. Smith, Now York University, is recommended. A constant 
rato of inflow of infusion fluid under pressure ip obtained from a side-arm 
flask (260 ml) by directing a fine stream of mercury into the stoppered 
flask through a capillary tip from an overhanging Kelly infusion bottle. 
The capillary tip is mode by heat fusion of the end of a thick-walled 
pi pet, then reground carefully until the tip is barely patent. Rate# of in- 
flow of leas than 2 ml/min are easily obtainable. Infusion is into the mar- 
ginal ear vein or the cephalic vein of tho forelimb. 

For effective plasma flow and glomerular filtration rate of normals, the 
following dosages should be approximately correct. (1) Priming: in 
man — 30 ml of 10 per cent inulin, and 6 ml of 20 per cent pora-amino- 
hlppurate.t boiled for 6 min; In dogs — 0.1 g of para-aminohippurate, 0.6 
g of creatinine in 26 ml of saline. (2) Sustaining: in man — 70 ml of 10 
per cent inulin, and 20 ml of 20 per cent hippurate, diluted to 600 ml in 
saline, boiled for 6 min, infused at the rate of 4 ml/min; in dogs — 0.6 g of 
hippurato and 3.5 g of creatinine in 260 ml of saline, infused at the rate 
of 1.6 ml/min. 

b) Collection of urine and blood . — Goldring and Chari w (7) recommend 
urine collection in human subjects with an inlying 6-eyed rubber cath- 
eter, the urines being allowed to drain into a narrow-necked flask over 
about 15 min, following an initial discard period. Toward the close of the 
period, air is blown Into the bladder from a 26 ml syringe and the last of 
the urine is removed by suction. This is followed by “washing” of the 
bladder with an accurately measured volume of sterile saline via the 
syringe; this volume at least must be recovered to conclude the period. 
Essentially the same technique may be used in dogs; a 2- holed, no. 14 or 


* Obtain* tio from EUrrmrd Appwrwto* Company, Dortr, 
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Upper, Dolan*. PhikdJphl* : famUn, US. fi 

w "-. Wumi Ln*Otato. 113 Wwt 16th Bv, Nr* York. 


— >t«rU* LmpaUa: 

Prodnot*, Wood wroth. 



100 


indirect methods for regional blood flow 

10 catheter (Ameran-Acmi; Bard), used in female dog*, is beat. Gentle 
compression on the lower part of the nbdotnen aids in recovery of 
bladder urine. 

In man, 20 ml blood volume samples are drawn from an antecubital 
vein during the urine collection period. In dogs, 10 ml volumes are drawn 
from the external jugular vein with the dog supine. Heparin or saturated 
oxalate solution, 1 or 2 drops in the syringe and 1 or 2 drops in the blood 
receptacle, serve* as anticoagulant When clearances are being calcu- 
lated, unless blood levels of infused substances ore constant, concentra- 
tions should be plotted against time on scmilogarithmic paper, and a 2 
min correction allowed for passage of tho substance from the blood to the 
bladder. 

c) Analytical methods. — (1) Preparation of plasma filtrates. The CdSO< 
method of Fujita and Iwatake (6) gives a filtrate satisfactory for analysis 
of the commonly used clearance substances. 

(a) Reagents: Acid cadmium sulfate — 17.34 g of 3 C-dSO<*8 H,0 and 
84.55 ml of IN H*30«, q.8. 500 ml 1.1N NaOH. 

(b) Procedure: To 9 ml of acid OdSCL and 30 ml of distilled water, add 
3 mi of plasma; mix, then add 3 ml of 1.1N NaOH. Stopper the receptacle 
and shake well. After 10 min, centrifuge and filter through Whatman no. 

1 or 2 paper (1 : 16 dilution). For inulin, plasma must be yeastnd before 
analysis (see below). Also for inulin, 1.0N NaOH is substituted for 1.1N 
NaOH with the same cadmium mixture to avoid deficient recoveries. 

(2) Determination of para-aminohlppuric add (3, 7, 11). 

(а) Reagents: 100 mg per cent sodium nitrite (keep only 2-3 days). 
500 mg per oemt ammonium sulfamate (prepared every 2 weeks). 100 mg 
per cent N-(l-naphthyI) ethylenediamine dihydroohloride (keep in dark 
bottle). 1.2N HCL 

(б) Prooodure : Urinee are diluted to an optimal colorimeter range as 
followB: 

(expected pljiamii level X (expected dcaranee ml/mln + 0.153) 

(relume of urine ml /min) X (washout dilation) 

For color reaction, use 10 ml of plasma filtrate or diluted urine. Add 2 ml 
of 1.2N JIO and mix. Add 1 ml of NaNOj, shake vigorously and let stand 
3-5 Tnin. Add 1 ml of ammonium sulfamate, shake vigorously and let 
stand 2-6 min. Add 1 ml of N-(l-naphthyi) ethylenediamine dihydro- 
chloride, mix contents and let stand at least 10 min (out of direct sun- 
light). Duplicate samples are read in the Evelyn photoelectric) oolorim- 
eter with filter 540. A reagent blank containing 10 ml of distilled water 
is set at 100 on the galvanometer. Milligrams per oent of para-amino- 
hippuric acid is read from a standard curve plotted from known concen- 
trations of the add. 

In human subjects it is advisable to test control plasma for chromo- 
genic blank before clearance U begun. For this, 8 ml of the control plasma 
filtrate plus 2 ml of 0.2 mg per cent standard solution of para-ammo- 
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hippuric acid la compared with 8 ml of distilled water plus 2 ml of the 
(standard, as above. The blank value is the difference between the read- 
ings, with correction for dilution (1:1.25)* 

(3) Determination of creatmino (4). 

(a) Reagents: Saturated piorio acid solution. 2.5N NaOH. Prepare 
sufficient volume of alkaline pi crate solution, using the following propor- 
tions; 6 parts Batura tod picric acid solution, 1 part 2.5N NaOH and 0 
part* distilled water. 

(b) Procedure: Urine la diluted to an approximate U/P ratio of 1.0. 
To 5 ml volumes of plasma filtrate or diluted urine add 10 ml of alkaline 
pi crate solution. Let stand 10 min and road in the Evelyn colorimeter 
with filter 620. A blank containing 5 ml of distilled water and 10 ml of 
alkaline picrate is set at 100 of tho galvanometer. Milligrams per cent of 
creatinine is read from a standard curve plotted from known concentra- 
tions of creatinine. 

Excess cadmium may be precipitated from the plasma filtrate when 
a lkalin e picrato is added. The solution is then filtered through washed 
cotton directly into the colorimeter tubes for reading. 

(4) Determination of inulin (7, 8). 

(а) Reagents: Diphenylomino reagent (dlphenylnmino must be re- 
crystalllxed from hot 70 por cent alcohol unlil white) — dissolve 18 g of 
(CtIl»)jNTI slowly in 000 ml of glacial acotic acid; add 300 ml of concen- 
trated HCl Yeast suspension — approximately 20 per cent mado from 
bakers’ starch-free yeast, washed in distilled water five or six times; 
wash again on day of use, and determine concentration accurately In 
Wintrobe hematocrit tubes. 

(б) Yeasting and precipitation: Add 2 ml of diluted plasma (1 :2) to 0 
ml of 20 per cent yeast in a 160 X 20 mm heavy-walled pyrex tube and 
mix by inverting; let samples stand 16 min and shako at least throe 
times. Then centrifuge for 16 min and remove supernatant fluid. Add 4 
ml of yeasted plasma to 6 ml of cadmium sulfate in a 60 ml Erienmeyer 
flask and mix; then add 2 ml of 1.0N NaOH, stopper the flask and shake 
well; shake occasionally again during 10 min, then oentrifuge. Filter 
supernatant fluid through pledgets of washed absorbent cotton firmly 
fired in the mouth of funnels, (Total dilution Is 1 :20,4, If yeast suspen- 
se®. is exactly 20 per cent.) 

An inulin blank is determined on a samplo of blood drawn before in- 
fusion is begun. The blank is determined additively as follows. In one 
tube, add 2 ml of plasma to 6 ml of 20 per cent yeast. In another tube, 
add 2 ml of distilled water to 6 ml of 20 per cent yeast suspension. To 
each tube add 2 ml of 20 mg per cent inulin standard; the tubes are then 
ytawted and precipitated as described above. The blank is the differenoo 
between the two determinations. 

TJrine is diluted to a U/P ratio of 1.0 for analysis. If this dilution is 
high, the blank is negligible. If glucose is present, the urine la treated as 
the plasma by yeasting and precipitating. Since moot of the blank cones 
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from yeas ting, if urines are yeas ted after dilution the urine blank must 
be determined as described for plasma. 

(c) Colorimotrio procedure: Pipet 3 ml of tiio above filtrates or diluted 
urines into pyres tubes (200 X 25 mm) and add 10 ml of diphenylamine 
reagent. Mix thoroughly, cover the tube with a glass tear and heat in a 
boiling water bath for exactly 30 min. All samples are run in duplicate. 
Two or throo water reagent blanks containing 3 ml of distilled water and 
10 ml of diphenylamine reagent, and two standards in duplicate contain- 
ing 3 ml of 1.0 and 2.0 mg por cent inulin with 10 ml of diphenylamine re- 
agent, ore heated simultaneously. Cool the tubes in a water bath not be- 
low 25 C for 2 min, then read in the photocolorimeter with a 640 filter, 
the galvanometer being set at 100 by means of the wnter blanks, A stand- 
ard curve for tho colorimotor is made with concentrations ranging from 
0.6 to 2.0 mg per cent of inulin. 

(5) Determination of other clearance substances. Lack of space pro- 
hibits detailed description of analytical techniques of other substances 
important in indirect measurement of renal blood flow. For diodrast, see 
referenoes (1) and (7); for mannitol, (7) and (12); for thioeulfate, (6) and 

(9). 

Noth. — T ills soction was reviewed by Homer W. Smith. 

Comment by J. Maxwell Little 

For the Evelyn colorimeter the band widths for the recommended HI ten aw: 
640 mti (616-570), 520 mu (495-560). 

In the determination of panwuniiiohippuric arid, the procedure can be short- 
ened by treating a control plasma in the mnnnp r as an unknown. The 
galvanometer is net on 100 per cent transmiarion, using the control plasma prepa- 
ration. In this way the control plasma chromogenlo material is compensated 
for without need of the indirect approach suggested in the procedure outlined. 

Ammonium eulfomote may be purchased from la Motte Chemical Products 
Co., Baltimore; and N-{l-aaphthyi)-ethylenediEmine from the a am e company 
or from Eastman Kodak Company, Rochester, N. T. 

Comment by Harold D. Green 

It should be noted that if any desired concentration of the test substance may 
be attained, the aolatkm should be adjusted so that the resulting concentration 
givw a galvanometer reading between 10 and 70 per cent transmission. The 
grmtect percentile accuracy is attained at about 40-60 per cent transmission. 

It is posable that the method described here does not result in complete isola- 
tion of the kidney. In this laboratory we have anooessfully perfused the com- 
pletely isolated kidney without at any time Interrupting the blood flow (see p. 

Dock (Ann. Rev. Phyaiol. 9: 225, 19-17) hoa atated that thiosulfate and crwtl- 
plrm may give higher clearances and therefore may be more ■nitable than Inulin 
for measurement of glomerular filtration in normal man. However, inulin, being 
lees likely to diffuse hack Into the blood otream, may give a better measure of 
glomerular filtration daring partial renal ischemia. 
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Friedman and Byers have described a method for measuring glomerular fi- 
liation using sllantoin (Proc. Soe. Exper. Biol, A Med. 06:1522, 1047; Am. J. 
Physiol. 151:192, 1M7). 
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VIII. Measurement of Hepatic Blood Flow 

STANLEY E. BRADLEY, CMumbia U*im£ty 

Inaccessibility of the liver and peculiarities of its vascular bed make 
measurement of hepatic blood flonr particularly difficult. General anes- 
thesia and traumatic surgical manipulation are necessary for direct deter- 
mination of flow through the hepatic veins, hepatic artery and portal 
vein. Indirect methods based on clearance of various substances in the 
bile, similar to those used in measuring renal blood flow (9, 28), have not 
been developed because bile cannot bo collected quantitatively in normal 
man or Intact animals. However, the venous catheterization technique 
(7) permits determination of certain hepatic clearances and estimation 
of hepatio blood flow indirectly (3, 19, 18) despite this. Total volume of 
blood flowing out of the liver is derived from the hepatic artory (about 
25 per cent) and the portal vein (about 76 per cent). Hence determina- 
tion of any individual flow yielda an incomplete picture of hepatic circu- 
latory dynamic*. Indeed, even with all three values at hand, the possi- 
bility of hepatic engorgement or disgorgement must bo taken into ac- 
count. Thus, the four variables — hepatic blood volume, arterial inflow 
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portal inflow and venous outflow — aro complexly interrelated. Methods 
for Btudy of each ore at best approximative and unsatisfactory. Simul- 
taneous measurements of all four variables have not been made. 

a) Jlepaiic volume . — Changes in volume of blood held In the liver may 
be estimated with fair accuracy on tho basis of changes in liver volume. 
Tho influence of the cell mass cannot bo ignored, but may be safely dis- 
counted when rapid enlargement or shrinkage of the liver occurs during 
circulatory adjustments. When largo changes occur, as in congestive 
heart failure, manual palpation frequently provides an adequate quali- 
tative measure. Physiologic alterations cannot bo detected in this man- 
ner. Roentgenologic visualisation is also of value in following massive 
shifts, although distortion of the image and difficulties of three-dimen- 
sional measurement limit accuracy. Thoro trust has been used to produce 
n denaor liver shadow- (20), but its dangerous radioactivity makes it unfit 
for use in Btudy of normal human subjects. Methods based on its use 
have not been developed for study of rml-mal* 

Liver volume changes may be measured directly by the plethysmo- 
graph in animals. A waxed sheet-copper bell, notched above and below 
to prevent pressure on tho inferior vena cava and portal vein, has been 
placed over the liver in cats, the opening of the bell directly facing tho 
bock of the animal and the tightly fitting abdominal wall furnishing an 
air-tight seal (13). Records of vohuno change in this device may be madn 
from a metal tube set in its dome. Another method (17) employs a rigid 
collodicm-gauxe onvelopo around tho left lobe of the livor in dogs. The 
plethysmograph Is sutured in place at tho “pedicle,” and after a take-off 
tubo is brought to tho body surface the abdomen is doeed. Records may 
be made after healing has oocurred, without need for anesthesia or sur- 
gery. These methods yield data of questionable value, since the liver ii 
placed under un physiologic restraints, and extraneous factors other than 
fiver volume may have an unpredictable influence. 

b) BepcUia inflow . — Various mechanical devices have been used for 
measurement of blood flow through the hepatic artery and portal vein 
into the fiver. Early in thi* century, Burton-0 pita (5) used the stromuhr 
in extensive studies of hepatic inflow. In the past 20 years the thenno- 
stromuhr (1, 14, 15, 21, 22) has been widely used (see p. 89). Many cur- 
rently accepted concepts of hepatio hemodynamice are baaed on data 
obtained with it. Its use requires surgical isolation of the hepatic artery 
and portal vein so that the devioe may be placed around the vessels close 
to their entrance into the fiver. However, recent work (11, 25) haa cast 
doubt on the validity of the rm ostrom rihr measurements under certain 
hemodynamic conditions, and the apparatus is falling into disuse. Other 
instruments, of which the rotameter (12, 23) appears to be the moat satis- 
factory, have found little use (24) in study of hepatic circulation. 

- c ) Sepaiic outflow . — The therm ostromuhr has also been used for meas- 
urement of the volume of blood flowing out of tho fiver. In one method 
(10) thermoetromuh rs are placed on the thoracic inferior vena cava era- 
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niad to the liver and on the abdominal vena cava between the orifices of 
the hepatic and renal veins. The difference between the volumes thus ob- 
tained is taken as the hepatic venous outflow. Or the inferior vena cava 
may be ligated just below the liver and a thormostromuhr affixed to the 
thoracic portion of the inferior vena cava for measurement of outflow 
(27). Both methods are subject to the criticisms that have already been 
noted. 

Blalock and Mason (2) introduced a method which is of interest be- 
cause it involves little surgical manipulation, no anesthesia and few ill 
effects. A blind brass cannula is passed, after local infiltration with novo- 
cain, into the right external jugular vein and thence through the superior 
vena cava and right atrium into the inferior vena cava. The cannula con- 
tains two tubes through winch balloons of Penrose tubing affixed to the 
cannula may be inflated in the inferior vena cava above and below the 
entrance of the hepatic veins. Blood may then be removed from the iso- 
lated caval segment through perforations in the cannula between the 
balloons. The minute volume of blood thus obtained is equal to the he- 
patic outflow. The blood may be returned to the circulation by another 
vein. Experience is required for accurate placement of the cannula under 
fluoroscopic control. Care must be taken to avoid dead-space errors and 
collapeo of the caval segment by negative pressure. 

Direct methods such as these are wholly inapplicable in study of the 
human hepatic circulation. The technique of venous catheterisation in 
man developed by Coumnnd and his co-workers (7, 8) has opened a new 
approach to study of liver function. It has proved possible to pass an 
extradong ureteral catheter through the veins to the right atrium and 
thence into a hepatio vein in man for the purpose of sampling hepatic 
venous blood (3, 28). Only local anesthesia is required. There is no 
trauma or emotional disturbance. On the basis of this technique new 
methods are evolving for indirect measurement of hepatic blood flow, on 
the same principle that permits estimation of cardiac output by the Fick 
method and of renal blood flow by diodrast or sodium para-aminohippu- 
rate clearances. According to tins principle, hepatio Wood flow may be 
calculated by dividing the hepatic removal or formation rate of some sub- 
stance, X, by the amount of X removed from or added to each mfllilitor 
of blood pawing through the liver. 

Bromtulfalein (BSP) has been used for this purpose because it is re- 
moved efficiently by the liver. It is administered by constant intravenous 
infusion at a rate sufficient to maintain plasma concentration between 1 
and 2 mg per cent Hepatic removal of BSP from the blood is considered 
equal to the rate of infusion when the plasma level is constant. When the 
concentration Is c h a n gi n g, a correction may be made to aocount for the 
BSP reteined or removed in e roots of the infusion rate, assuming that 
since BSP is bound to protein. It is distributed only in the plasma volume! 
This method of determining hepatic BSP removal is based on the belief 
that BSP U removed from the blood chiefly by the liver. Some extra- 
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hepatic removal may occur (0), but it Ib probably of little importance in 
normal subjects, since thoro is no significant extraction of the dye from 
blood perfusing other porta of tho body. In addition, the important role 
of the liver is indicated by tho striking reduction in BSP removal during 
liver disease. However, if there is extmhepntic removal, it is probably not 
disturbed by liver damngo and, in these circumstances, it might con- 
tribute disproportionately to total removal, resulting in falsely high esti- 
mates of hopatio BSP removal and hopatio blood flow. 

The amount of BSP removed from each milliliter of blood perfusing the 
liver is calculated as tho difference between BSP concentrations in periph- 
eral vonous and hopatio venous blood. Hero again, cortain assumptions 
are noecssnry. First, tho concentration of BSP in peripheral venous blood 
is considered equal to tho concentration in blood entering the liver. BSP 
is present in tho samo concentration in peripheral venous and arterial 
blood, but part of the blood an to ring the liver is not arterial, having 
traversed tho splenic and mesenteric vascular beds, where same of the 
dye may have been removed. In normal individuals this is immaterial, 
sinoe nearly all portal blood passes through the liver before it returns to 
tho heart, but when collateral circulation has devoloped, as in mnhoeis, a 
largo portion of the portal blood escapes and the peripheral concentra- 
tion of BSP can no longer bo regarded ns equivalent to tho concentration 
in blood entering tho liver. However, tliero is no ovidence of BSP re- 
moval in tho portal system outside the livor, and it seems likely that tho 
assumption is still valid. Finally, mixed hopatio vonous blood cannot be 
obtained bocauso thoro are several separate hepatic veins. Hence a 
Bample of blood from tho right hepatic vein must bo takon os repre- 
sentative of mixed hepatic vonous blood. There are reasons for behoving 
this usage valid, within reusonablo limits. However, in consideration of 
the assumptions required, tho valuo obtained by diriding tho BSP re- 
moval rate by concentration difference botween peripheral and hepatic 
venous blood is referred to as estimated hepatic blood flow (EHBF). 
This figure in human subjects (1440 ml/min/l.TBm 1 averago in 49 normal 
subjects (4)) agrees in general with data derived from experimental 
studies of animals and is supported by values obtained In man by the 
urea method (19). 

Urea has been used In animals (16) and man (18) in the same manner 
as bromsulfalein. The rate of renal urea excretion may be taken as the 
rate of hepatic urea formation, tho difference in hepatic and peripheral 
venous urea concentrations as the amount of urea added to each volume 
of blood passing through the liver and EHBF calculated as in the BSP 
method. Tho assumptions on which this procedure is based appear to be 

sound. . . 

Development and improvement of indirect mothods for quantitative 
measurement of hepatic blood volume, Inflow and outflow are highly de- 
sirable. Better understanding of normal and abnormal hepatic hemo- 
dynamics should lead not only to more accurate and quantitative ap- 
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prsisal of hepatocellular activity but to Improved therapeutic technique* 
for dealing with disorder* of the hepatic circulation. 

Comment by Front J. Ingdfingcr 

Dr, Bradley ia to be congratulated on condensing this difficult subject into 
useful form. The reliability of the BSP method Is still under discussion, but H 
appears os good as, If not better than, methods used in experimental animals. 
The following points might bo strewed. 

1. The method ia •emmi, but BSP, although apparently tbe best available teat 
substance, ia Dot ideal, ami development of tho method may lie In identifying an 
oven mom satisfactory test substance. 

2. Some Investigators are us i ng a high peripheral blood level of BSP in deter- 
mining EHBF, but levels abovo 2 mg per etnt may lead to errors. At high levels 
a email percentage amount, but a large absolute amount when considered in 
relation to over-oil removal rate, may be removed extrahepaticolly. A consider- 
able error may thereby be introduced when EHBF is calculated. 

3. It is bard to give an absolute amount which expresses the renal excretion of 
BSP, since the absolute amount varies with the type of injection and the blood 
level. The renal lose of BSP oan, however, be expressed aa a percentage of BSP 
administered, whether given by injection or constant infusion. 

Convtuni by Harold D. Often 

I realize that reducing data to that expected for the standard 1.73 m* man 
has gained many adherents. However, I should prefer to see all data expressed 
per 1 m*, aa with basal metobolie rate. Tide rimplifiee tbe original calculation 
m well aa computation of expected values for a person with a surface area dif- 
fering from 1.73 m*. 
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IX. Quantitative Determination of Cerebral Blood Flow 
in Man 

SEYMOUR B. KETY 

Despite its obvious and fundamental importance, information on 
cerebral blood flow was not placed on a scientific basis until 1943, when 
Dumke and Schmidt (2) achieved the first quantitative measurements 
of oerobral blood flow under conditions approaching the normal. This 
was soon followed by studies of cerebral metabolism under similar cir- 
cumstances (21). These measurements were made on species (rhesus or 
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spider monkeys) whose cerebral circulation resembles that of man in 
being readily isolated from the extracerebral blood supply of the head. 
A bubble flow meter (p. 80) interposed in the arterial supply to the 
brain yielded quantitative values for total cerebral blood flow. 

In man bo direct a procedure is out of the question, but various 
methods give indirectly some knowledge of the cerebral circulation in 
various clinical states. These include observation of the diameter and 
color of retinal vessels (1), measurement of cerebral arteriovenous oxygen 
differences (17), use of a heated thermocouple introduced into the 
internal jugular vein (0) and adaptation of the principle of the occlusion 
pletliyHinograph to the cranium (4). The limitations of these methods 
were diseuwed in an excellent symposium on cerebral circulation (25). 

Two methods which appear to yield quantitative measurements have 
been developed: the nitrous oxide method (8, 10), based on the Fink 
principle; a dye dilution method (7), depending on the Stewart principle. 
These techniques aro discussed hero in some detail. 

1. Niiroun oxide method . — The brain, imlikn the kidney and liver, 
does not specifically and selectively remove foreign substances from the 
blood stream, h®ce the clearance techniques for measuring renal (p. 
191) and hepatic (p. 199) blood flows are not applicable. It does, how- 
ever, absorb by simple solution an inert gas which reaches it by way of 
the arterial blood, and this phenomenon forms the basis for measure- 
ment of cerebral blood flow by the Fick principle. This postulates, in its 
simplest form, that the quantity of any substance taken up in a given 
time by an organ from the blood which perfuses It equals the total amount 
of the substance carried to the organ by arterial inflow lees the amount 
removed by venous drainage during the same time period. For the case 
of the brain uptake of NiO, let 

QaU “ quantity of NiO taken op by the whole brain In time u measured from 
the start of inhalation. 

Chi. — quantity brought to the brain by arterial blood In time u , 

Or] » - quantity carried away by cerebral rencua blood in time 
A — arterial NiO caneentradan, 

7 — tojoob NjO concentration, 

TF — total cerebral blood flow /min, 

OBF — cerebral blood flow per unit Wright of brain/min. 

W -brain wright. 

From the Fick principle; 

- Qa). - Qr]^ 

but since both A and V are variables with respect to time (Fig. 1), 
QAU-TFj^Adt 

and 


whence 


Qrl. - TF f' Vdt, 

QbU -TFj^iA- vyx 
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or 


TF - 


<3*1. 

J?u ~ nu 


ar 


or, in terms of unit weight of brain, 


CBF 


Q*\JW 

- vyu' 


(2) 


The quantity ( A~-V)dl is readily obtained from the respective ar- 

terial and cerebral venous curves. Tho numerator, or cerebral concentra- 
tion of nitrous oxulo, is not obtainable directly in man. If the time u is 
sufficiently long, however, equilibrium will havo occurred between brain 
and blood leaving tho brain with respect to nitrous oxido tension. At that 
time, 


<3.1- 

IT 


- V*S, 


(3) 



Fig. 1. — Typical pair of N,0 concentration ciirrea for artoial (A) and internal 
Jugular (V) blood. Bee Table 2 for * calculation for oerebral blood flow from ti»o 


where S rep resents a partition coefficient for nitrous oxide between brain 


and blood ( S • 


By substituting appro- 


solubility of NtO/g brain \ 

% solubility of NiO/ml blood/' 
priately and multiplying through by 100, one obtains a value for cerebral 
blood flow in convenient units : 

(4) 


Jl* (A — vyu 

where CBF Is oxp reseed as ml of blood flow/100 g of brain/min. 


pjM »_r* pcwiin*! to b. tocitut. 



CEREBRAL BLOOD FLOW IN MAN 


207 


Application of this formula to practical measurement of cerebral blood 
flow, although theoretically valid, necessitates certain assumptions. 
These were all subjected to experimental evaluation with the following 
conclusions: (1) Blood from ono internal jugular vein at tho level of the 
superior bulb represent* mixed cerebral venous blood (10) with only 
slight contamination by blood of extracerebral origin (21). (2) After 10 
min of inhalation of a constant tension of nitrous oxide the venous blood 
is in equilibrium with tho brain with respect to nitrous oxide tension (12). 
Therefore the value of u in equation (4) may be taken os 10 min . (3) 
The partition coofficiont of nitrous oxido between brain and blood (factor 
8 in equation (4)) equals unity (12). In addition, simultaneous measure- 
ment of cerebral blood flow in monkeys by the nitrous oxido method and 
the bubble flow meter showed excellent agreement (10). 


PROCEDURE 


The N|0 concentration curves are drawn on the Basis of five pairs of 
blood sample* from the superior bulb of the internal jugular and an 
artery token at intervals throughout a 10 min period of inhalation of IB 
per cent nitrous oxido. From those curves tho cerebral blood flow is cal- 
culated by means of equation (4). 

o) Blood sampling . — For taking the accurately timed serial blood 
samples from artery and internal jugular vein, manifolds of 3-way stop- 
cocks! (Fig. 2) are convenient. The sampling syringes (10 ml Luer-Lok) 
are prepared beforehand by lightly oiling the plunger with paraffin oil, 
filling the dead space with heparin solution and scaling with the closed 
hubs of discarded hypodermic needle*. Transparent plastic tubing of 
small borej connects the manifold to the needle (10 gauge, 3 in. spinal) 
through suitable adaptors. | The needle is placed in the superior bulb of 
the internal jugular after procaine infiltration according to the technique 
of Myereon, Halloran and Hirsch (18) modified by Gibbs, Lennox and 
Gibb* (6). The superior bulb of tho internal jugular lie* fairly constantly 
in a line between the anterior tip of the mastoid prooees and tho poeterior 
edge of the external auditory meatus and 3-4 cm below the surface. 
Tho needle point is inserted about 1 cm bolow the mastoid process and 
directed upward in the line of tho internal jugular at an angle of 46-60°. 
The sudden release of resistance ns the needle enters the vein is similar to 
that which occurs in a spinal tap. If bone is encountered the angle is too 
sharp, and the needle is almost completely withdrawn and an angle closer 
to the perpendicular chosen. This toohnique is readily tolerated and very 
dependable; incidence of failure can be leas than 1 per cent For arterial 
blood, femoral or brachial arteries are used. Once in place, the needle 
is carefully connected to the plastic tubing filled with sterile heparin 


far *>• T - Cochnn*. D*j*rtra«nt of PhumAcolocy. CciWJty of 


t Trimfln. Upn|i, nuule by Irrln^too ImcUtor Co- Tr rln rtm,, ft j 

J* *UrfIi»d by wtwlirmt. bet th* pUle tabfa* U b**t *UcDWln 


l Tbn manifold* . 
70 p*r tml tleohoi. 
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eolation (10 mg/ral) by means of tho end syringo containing 3 ml of 
heparin (Fig. 2). Just before each sample is taken 4 ml of blood is drawn 
into this syringe to clear the system, and at tho conclusion of psgh 
sample 4 ml of the blood-heparin mixture in this syringe is pushed back 
to prevent clotting. 

Tho following samples of 0-8 ml each are taken : X, a blank taken from 
tho vein just before beginning of NjO inhalation; 1A and IV, taken at a 
constant rate (1 ml every 10 see) from onset of NxO inhalation over the 
first minute; 2A and 2V, from 1 min 5 sec to 1 rain 30 see; 3A and 3V, 
from 2 min 45 eec to 3 min 15 sec 4 A and 4V, from 4 min 45 sec to 5 




Fia. 2. — A, fcpparataB vt*od in me** 2 rement of cerebral blood flow by nitrons tnddfl 
method, showing ni ijwtcrm, manifolds attached to noodle* In Internal jugular and 
femoral artery and arterial prewar® manometer attached to ha manifold. B, detail of 
portion of the needle in the superior bulb of the internal jugular. C, detail of a mani- 
lold ahowing 3-wny atopcocka, to which are attached three sampling aynngae: also, 
part of tbo wad syringe cootalnlnc; bepnrin and blood and twea for flus h ing before 
and after campling. (Drawing by Dr. E. L. Polta.) 


min 15 boo; 5A and 5V, from 0 min 45 eec to 10 min 15 see. The actual 
times are inconsequential so long os they are accurately noted and fairly 
evenly spaced. As soon as possible after each sample is taken the syringe 
is removed from the manifold and any small bubble of air expelled; .it is 
then scaled and placed in cracked ice until analysis. Although it is 
possible to analyxe any of these samples for CO, and Oi, it Is preferable 
to take separate samples for this, one pair at the time of the X sample, 
and again after tho 6 min NjO sample.?] The N*0 mixture- consists of 
15 per cent NjO, 21 per cent 0,, 64 per cent N* obtained from a medicinal 

I jjy ^*~nj«th*root!r*l r»ttir* of tba problem > oer*hrtl btood flow U l»r*riy d*t*rmhwd 

Et tbe> «d of 6 min. 
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goa company and kopt in largo cylinder* under pressure. Below 2000 
lb/in.* pressure all constituents oro gaseous and tho mixture is homo- 
geneous. 

The gas Is administered in an open system through an anesthesia bag 
and tightly fitting mask equipped with inspiratory and expiratory 
valves. It is Important that these valves bo competent and tho mask fit 
perfectly. The mask may bo fastened to the faco by a suitablo halter or 
rubber cement or, beet of all, held snugly on the faco for tho required 10 
min by on assistant. Flow or gns should bo considerably in excess of tho 
subject’s requirements as a furtlier precaution against leakage of room 
air into tho mask. Unless tho patient breathes a constant tension of 
NiO throughout tho flow tho arterial curve will not l»o a smooth function 
and cannot accurately bo drawn from only five samples. A robreathing 
system te not dcsirablo since tho high solubility of NjO will cause tho 
arterial curvo to fall off fairly rapidly. In our oxporicnco 15 per cent N*0 
causes no appreciable physiologic or mental o fleets. 

A second measurement can be mode on tho samo subject while tho 
needles oro still in place. At least 20 min must olapeo between determina- 
tions to permit corebral N*0 desaturation; of courso, a blank blood sam- 
ple is taken just before tho second determination. 

6) Analysis of blood sample - * for NJ). — Bocauso of tho number of 
analyses necessary for each blood flow determination, the method of 
Orcutt and Waters (10) lias been modified to rnnko it slmplor, more 
accurate and more rapid. 

Reagents: caprylio alcohol, in dropper bottlo. Oxygen absorber mix- 
ture — 10 parts of powdered sodium hydroeulfito (NaAOO and 1 port of 
sodium anthraquinono bota-sulfonato. IN potassium hydroxido. 
Do-aerated COj-Oj absorber. 

Measure 11 g of the powdered oxygen absorber mixture into a 100 ml 
beaker by means of a marked test tube, add 50 ml of normal potassium 
hydroxide and stir for 30 see with minimal agitation of the surface. Then 
quickly filter through a small pod of absorbent cotton into a 60 mi 
Erienmoyer flask and immediately transfer to the chamber of a Van 
Slyko-Ncill manomotric apparatus. Enough roagant will have boon lost 
In these processes that the solution will not completely fill tho 60 ml 
chamber. Soal tho upper stopcock with mercury and subject the reagent 
to evacuation by bringing tho mercury level in tho chamber a few centi- 
meters below the 60 ml mark. Add 1 or 2 drope of caprylio alcohol to tho 
chamber before adding the reagent to prevent foaming. Shako tho cham- 
ber 3 min, then permit the reagent to rise and ojoct tho bubblo of nitro- 
gen. Repeat de-aeration until no more gas is ovolvod. This rarely re- 
quires more than two shakings. Then run 1 ml of tho reagent into tho 
cup from tho chamber to act as a seal and transfer tho rest of tho reagent 
to a 60 ml glass syringe (lubricated with oil and oquippod with a rugged 
capillary tip 8 cm long) with tho aid of a rubber tip temporarily attached 
to tho tip of the capillary and prossod firmly against tho bottom of the 
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solution (10 mg/ml) by means of tho end syringe containing 3 ml of 
heparin (Fig. 2). Just before each sample is taken 4 mi of blood is drawn 
into this syringe to clear the system, and at the conclusion of each 
sample 4 ml of the blood-heparin mixture in this syringe is pushed back 
to prevent clotting. 

Tho following samples of 6-8 ml each are taken : X, a blank token from 
the vein just before beginning of N»0 inhalation; 1A and 3 V, taken at a 
constant rate (I ml every 10 sec) from onset of NjO inhalation over the 
first minute; 2A and 2V, from 1 min 5 sec to 3 min 30 sec; 3A and 3V, 
from 2 min 46 eoc to 3 min 16 eec 4A and 4 V, from 4 min 45 sec to 5 




Fia. 2. — A, ftpp*ratoa a*©d In roe*aoreinoit of cerebral blood flow by nltroo* aside 
method, showing »*_» *y*t*ra, manifolds attached to needle* In Internal Jugular and 
femoral artery tod arterial prooaure manometer attached to it* manifold. B, detail of 
portion of the needle in the superior bulb of the internal Jugular. C, detail erf a mani- 
fold •bowing 3- way stopcocks, to which are attached thine aampling ayringw; abo, 
part of the end ayrinips containing heparin and blood and oaod for mailing before 
and after sampling. {Drawing by Dr. E. L. Folta.) 

min 35 sec; 6A and 5V, from 0 min 46 sec to 10 min 36 sec. The actual 
times aro inconsequential so long as they arc accurately noted and fairly 
evenly spaced. As soon os possible after each sample is taken the syringe 
is removed from the manifold and any small bubble of air expelled ; it is 
then sealed and placed in cracked icc until analysis. Although it is 
poeeiblo to analyte any of these samples for CO* and Oi, it is preferable 
to take separate samples for this, one pair at tho time of the X sample, 
and again after tho 5 min N*0 sample.^ The NjO mixture consists of 
16 per cent N*0, 21 per cent O,, 04 per cent N» obtained from a medicinal 

| By n*tur* of tb* prubbm, «sr«br*l Mood flow i* Ur*rfy drfwmiawj 

•t tb* wtd of fi ®la. 
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-where X - / Ml0 [r. — (r # + <7 w >] f / Wa o being a manometric factor corre- 
sponding to tho temperature of analysis- 
It is much more convenient not to denitrogen ate tho subject beforehand 
but to keep the total inort gas tension in the mixture equal to tlint in 
room air. This necessitates correction for nitrogen** which can bo 
derived from knowledge that in such circumstances tho total inert gas 
tension in the blood would bo kept constant and that the manometer 
reading on tho Van Slyke apparatus is tho sum of the readings duo to 
nitrogen and nitrous oxido. From Henry’s law, the general gns equation 
and the known constant* for nitrogen and nitrous oxide the foregoing 
formulae are found to apply, but a different sot of factors (J 1 **,) must 


TABLE 1. — Ma-Womwtoc Factobs to* Calotuatioh or Blood NjO nr You % 
nou 2 Ml Sxuru or Blood 


Tw. 

O 

fmo 

fm o 


20 

0.1400 

0.1456 

1.1 

21 

.1893 

.1449 

1.2 

22 

.1880 

.1441 

1.2 

23 

.1879 

.1484 

1.8 

24 

.1372 

.1427 

1.4 

25 

.1505 

.1420 

1.4 

20 

.1858 

.1412 

1.5 

27 

.1851 

.1405 

1.6 

28 

.1844 

.1898 

1.7 

29 

.1837 

.1890 

1.7 

80 

.1830 

.1883 

1.8 

81 

.1823 

1876 

1.8 

82 

0.1310 

0.1308 

1.9 


Note*. — (1) Ur© when ni mixture ©onmisti of 2191 

nd wbjoct ha© been bresthlnx air prtrrkiody. 


, „ .. - j , 64% Ni, 16% N*0 

And subject ha* been br©*thln» »Jr prwrksidy. (2) U«o/k^, when gM mixture ronabia 
wholly of O* sad NiO ud raDloct hu boon d«nlU"o*cn*t©d pceriooily. (3) C« — 
(U — £*) AfV If temperature dluermc© between analyii* and blink 1* revenJ decree©, 
u*o that A-P. which oomaponda to tho mean temperature. 

ReUin the al^ebrai© of C. In aobstitatlnc In tbo formal*: 

▼t»L % N|0 — /*, o or f »,o Jr. - (r. + C.)l - X 
X ■■ /mo or r *«o P» " ( r » + Uw)] 


be used. In thoee conditions tho valuo for X will bo close to 1.16 volume 
per cent unless a previous flow measurement has been performed. If 20 
min elapse* between successive flows, nitrous oxide desaturation will be 
practically complete and X will bo only a few tenths of a volume per cent 
over 1.16. Table 1 give* values for and hP 9 for temperatures from 
20 to 32 C. With good care duplicate analyse* should agree within 0.06 
volume per cent. After sufficient skill lias been acquired it is possible to 
forego duplicate analyses, using the smoothness of tho resultant curve* 
as a check on individual analyses. 

In tho presence of NiO the usual analysis for O, and CO* must be 
modified to oorreot for the solubility of N*0 in absorbing reagents; i.e., 


* Hae* MlnbaUr of N«0 tn blood U orw 32 tlw* th*t of N», Um «rroc duo to rdtiocw, 
n If nneorr*«*«d, W ; with prop*r oonwctkm It tmUIk*. ^ 
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cup. Keep the reagent in the capillary out of contact with air except 
for negligible diffusion up the capillary. It may be kept overnight in a 
refrigerator by sealing tho tip. 

In ma kin g an analysis add 2 drops of capryiio alcohol to the cham ber of 
the manometric apparatus followed by 9 ml of distilled water. De- 
••erate the mixture for 2 min. Thoroughly shake the blood somplo in its 
yringe by means of a small amount of mercury drawn up into it just 
before analysis. Place a small drop of caprylic alcohol in the tip of a 2 ml 
Ostwald-Van Slyko pipet equipped with stopcock, and by means of a 
short rubber tubo fill the pipot smoothly to the mark with blood from 
the syringe. Allow the dc-oeratcd distilled water to rise to the 6 ml mark 
in the cup, add 2 ml of blood to tho chamber and wash in with 1 ml of 
de-aerated water. (It is important that no air bubbles be admitted to the 
chamber during these procedures ; if one is present at this point it must be 
expelled.) Remove tho rest of tho water in the cup by gentle suction. 
Immediately add 3 ml of tho do-ocrated COr-Oi absorber to the cup 
and then ran the lower 2 ml into the chamber. Seal the chamber with 
mercury and extract the mixture with tho mercury level at 50 ml for 3 
min. Thon allow it to riso smoothly to tho 2 ml mark of tho buret and 
mako readings of prcBBUrt (r.) to 0.1 nun and temperature (Q to 0.1°. 
Expel the mixture from the chomlwr and begin the next analysis without 
washing the chamber. Thus in this simplified method oxygen and carbon 
dioxide are absorbed immediately and never extracted from the blood. 
The only gases present in significant quantity which are extracted and 
measured are nitrous oxide and nitrogen. 

Just before the blood analyses are started a blank determination is 
made, using 2 ml of dc-ae rated water instead of blood (run the de- 
aerated water up to the 5 ml mark, thon down to the 2 ml mark on the 
cup, add Oj absorber, extract, read pressure (r # ) at 2 ml and temperature 
((,)). This blank reading, corrected for changes in wato - vapor pressure 
resulting from any temperature change between the blank and each 
analysis (Cm), is used as the quantity to be subtracted from tho readings 
on the blood analyses. It is important, therefore, since a calculated r t is 
used for each analysis, that more than usual care bo taken to insure 
accuracy in the volumes of reagents added to the chamber. In addition to 
the water blank, a blood blank value (X) must bo obtained by analysis of 
the X sample obtained just before inhalation of nitrous oxide. This is 
part of the correction for nitrogen and other inert gases and for any 
nitrous oxide remaining in the subject’s blood from a previous period of 
inhalation. 

If the subject were almost denit rogenated beforehand and tho inhaled 
mixture consisted only of NsO and O,, blood NiO content would be calcu- 
lated as follows : 


roL % N.O - Mr. - (r. + Cm) ) - X. * 
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TABLE S. — Blood Flow and Oxtohk Cgwuiono* or Hctuaw Baam 
(85 Ommtatiojci ojr 15 Healtkt Ycrcnro Mm) 

Uiu •• 

Cerebral blood flow (ml/100 r/mln) 54 *13.0 

Cerebral Oj eooftimptkra (oo/lQO g/mln) 3.8 * 0.4 

Ceorbruvaecsilfli nwktance (nunHl/ml 
blood/100 c bratn/min) 1.0 * 0.4 

Cerebral a-v O, diff. (yob %) 0.3 *1.2 

Cecrebral nwpiratnry rjuotient 0.99 * 0.09 

Mean femoral arterial BP (mm Hg) 86 *0.8 


* Amo** tba 15 MUlMta 


value of the funotion in oolumn (7) at 10 min represents cerebral blood 
flow expressed as ml/100 g of brain/ min. 

With the value for cerebral blood flow it is now possible to arrive at a 
measurement of some extremely important functions. Utilization or pro- 
duction by the brain of any aubetance capable of accurate analysis in 
arterial and cerebral venous blood is estimated quantitatively by substi- 
tution in the transposed Fick formula. Thus, for cerebral utilization of 
oxygen 

CURo, (co <V100 „ bnJn/mln) - CBF X U 7^’^’ 

if (A — V)o» is expressed as volumes per cent. A value for cerebrovascular 
resistance {CVR) is calculable from mean carotid blood pressure, internal 
jugular pressure and cerebral blood flow: 

rrrrr, _ rae*n oarotid B P - mean jorolar BP (mm Hg) 

(ml/100 g/mln) ' 

CVR is obtained in convenient units repreeenting the pressure necessary 


TABLE 4-CnmAL Blood Flow awd O, Cojosdki-tios Di munm bt NrraooB 
Oxidz M imou 


Rcrting 

Hypemntflifioo 
«-7%CO, 
85-100% O, 

10 ^ " 


1 utesthesbi 
Hyp«rt«*ioo 

lucre— nd tntraexanlal 
Cerebral hemangioma 


1 «nlnanx*ia 
Po«teloctro*bock 
IdkiBu hypo^jtwtni* 
Inollll nrr m ■ 

Diabetic aoldoda 
Diabetic ootna 
Epfler*y 


No. or 

OmtTinon 


85 

18 

0 

7 
1 

10 

11 

2 

30 

8 

7 
6 
6 

8 
6 

12 


CBF 

100 %J irtu 

ClIBc* 
oa/100 i/Mdn 

54 

3.8 

84 

3.7 

98 

3.5 

45 

3.2 

73 

8.3 

52 

1.9 

64 

3.4 

43 

2.9 

164 

8.8 

54 

3.3 

58 

3.3 

37 

3.1 

01 

3.6 

63 

1.9 

45 

2.7 

65 

1.7 

61 

3.4 
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extract at 60 ml for 2 min after adding each reagent, then bring to 2 ml 
and read. 

e) Calculation of cerebral blood flow (CBF).— When the nitrous oxide 
analyeee are completed the values are plotted against time. The time of 
each sample is taken as the midtime of the interval over which the 
sample was taken except for the first pair, taken at a constant rate over 
the first minute (and therefore already integrated) which are plotted as 
straight lines (Fig. 1) . Smooth curves are then drawn through the arterial 
and venous points and so constructed over the first minute that the 
average samples obtained (1A and IV) approximate the respective 
integrals of the curves. From these smooth curves the integral of the 
arteriovenous difference can be obtained over the 10 min period by 
means of the trapezoid rule. This yields the denominator in the equation 

TABLE 2. — TmcAii Gurnjninojr job CBF Panto Data or Fictubx 1 


a) 

m 

t*> 

(O 

09 

(0) 

(D 

100 V, 

< 

-***> 



y)* yju- 


i 

2. 98 

0.77 

2.21 

0.80 

0.80 

90.2 

2 

3.68 

1.88 

1.72 

1.07 

2.77 

67.2 

8 

8.81 

2.68 

1.23 

1.47 

4.24 

60.0 

4 

3.03 

3.06 

0.87 

1.06 

6.29 

67.8 

6 

4.03 

3.36 

.67 

0.77 

6.06 

66.4 

6 

4.12 

3.60 

.62 

.00 

6.66 

64.0 

7 

4.20 

8.78 

.42 

.47 

7.13 

63.0 

8 

4.27 

8.94 

.33 

.37 

7.60 

62.6 

0 

4.8S 

4.08 

.26 

.20 

7.79 

62.4 

10 4.89 

OBF — G3 ml/100 i/mln- 

4.16 

0.20 

0.23 

8.02 

62.2 

Noras. — Column (1), tims from 

anret of inhalation of NiO mixture. Oolemma (2) 


and (8), ▼sloes reed from smooth curve*. Column (4), srterkmmmis NiO difference. 
Column (BL srermcB of (A — V\ and (A — W-i except for the flret minute, whkh is 
obtained directly aa the difference between the first pair of samples taken at a constant 
rate throughout the first minute (LA — 0.06, IV — 0.16 rol. %). Column (6), sum of 
column (6) up to and including the particular value of L CBF is limply the value in 
column 7 at t — 10 min. 

for cerebral blood flow, the numerator being venous concentration at 10 
min. In practice it is preferable to build this calculation up in a series of 
steps of 1 min each from the beginning to the end of 10 min. An example 
of a typical complete calculation is given in Table 2. Here the function in 
column (7) decreases smoothly ovm- the first 6 or 6 min but, as 10 min is 
reached, tends to level off. This tendency serves as an internal check on 
the final result since equilibration between brain and venous blood 
should bo complete within 10 min. In most cases this function is not 
perfectly constant at that time, indicating the small amount of con- 
tamination from extracerebral sources. Rapid fall of this function even at 
10 min is evidence that contamination is significant and the study should 
be discarded. This was observed only twice in 100 studies. Since the 
partition coefficient (5) Is unity and equilibration time (u) 10 min, the 
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heparin solution between Ramplings. The dye (0.2 per cent solution of 
Evans blue) is injected at a constant rate (1 ml/min) through a 22 
gauge needle in the internal carotid. Injection rate is automatically 
maintained by a constant speed injector. After at least 2 min is allowed 
for equilibrium to be established, a sample of blood is taken from the 
venous catheter and discarded, followed by simultaneous samples of 10 
ml each from the internal Jugular and from a needle in the femoral artery. 
These two samples are centrifuged and the dye concentration in the 
plasma is determined by means of photoelectric colorimetry. The con- 
centration of dye in the whole blood la equal to its concentration in 
plasma multiplied by the plasma hematocrit. Although it is possible to 
correct for hemolysis (7), this should not occur if lightly oilod syringes 
are used for collection of blood samples. 

Although the Stewart principle permits rapid determinations, much 
of that advantage is lost in this particular application by the 2 min 
equilibration period. A proposed modification of tbo foregoing method 
pvos determinations of equal validity but requires a small fraction of the 
time (21). In this, equation (1) is used. An accurately measured quantity 
of the dye (1 ml of a 0.2 per cent solution) is injected into the Internal 
carotid with a calibrated tuberculin syringe, tho injection requiring only 
1 or 2 sec. From the beginning of injection and for an accurately meas- 
ured interval of 20 sec, blood samples are. taken at a constant rate (0.6 
ml/sec) from the internal jugular and a peripheral artery. This interval is 
sufficient foT all the dye to be washed through the cerebral circulation. 
The samples automatically integrate tho dye concentrations, so that 
equation (1) becomes : 

p X , 

where I is the quantity of dye injected (mg) ; V and A, whole blood con- 
centrations of dye (mg/ml), and t, time over which the samples were 
taken (min). 

The Btewart principle is only imperfectly applicable to the cerebral 
circulation since dye injected into only one of the four major eourc® of 
cerebral blood (unlike nitrous oxide, which enters the brain via all 'the 
arteries) does not mix uniformly with the entire cerebral circulation (21). 
This introduces a major source of error into the dye injection methods 
which could possibly be overcome by injecting the dye into both internal 
carotids or by taking samples from both internal jugulars or from one 
internal jugular with the other temporarily occluded. These possibilities 
remain to be explored. 

Nora. — This •ectkm wb* reviewed by Euro* M. T*thU«- 
REFERENCES 
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to force 1 ml of blood/min through 100 g of brain. This may be converted 
to absolute unite by an appropriate factor. 

d) Typical value a obtained . — Table 3 shows mean results and standard 
deviations of 36 observation* on 16 healthy young men (10). Table 4 
gives mean values obtained in various clinical conditions (9, 11, 13-16, 
22, 23). Application of this method is not confined to the brain, for it can 
bo used in any organ where representative and relatively uncoctaminated 
venous blood can bo obtained, where tho time of organ : venous blood 
equilibration (u) is conveniently short and whore a partition coefficient 
(5) can be dotorminod. Application of the method to study of the 
coronary circulation is undor way (3). In its application to the brain the 
experimental error of this method is fairly small. For CMR^ the stand- 
ard deviation of the differences between duplicates taken 30 min apart 
Is 0.19 co Oj/100 g/mln (10). 

2. Dye dilution method . — The Stewart principle (24) on which this 
method is based may be derived as follows : Consider a substance (Evans 
blue dye), which does not leave the circulation in question, to be in- 
jected into an artery going only to that organ and to suffer such mixing 
in the organ that its concentration is uniform in all of the veins whioh 
leave it. Let 

ft] £ — quantity of dye which enter* the organ In % time intorral (it — h), 

?,] jj - quantity which lo*vw In time (f, — ii). 

Assuming a steady stfito, 

«•]“ “ ?-lu- 


Let 

A — con cent™ tine of dye in arterial blood by virtue of recirculation, 
V — ooocentmtkm of dve in venous blood from the organ, 

I — quantity of dye injected In time (£» — U). 

*]£-/ + *’ a <*,•»**] £-/’./?' ydL > 

where F is total flow through the organ, whence 
I 


F - 


ffty - 


fl) 


Gibbs, Maxwell and Gibbs (7), in their application of this principle to 
the brain, use a formula which is equation (1) In differential form: 




(!) 


where R is the constant rate of dye injection (mg/rnin). According to 
their method, tbo bifurcation of one carotid and tho internal jugular U 
exposed under local anesthesia and a catheter Introduced through a 
branch of the internal jugular up to the superior bulb. This is filled with 
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X. Miscellaneous Methods 

HABOLD D. GREEN 

A number of clinical methods for study of peripheral vascular diseases 
were reviewed by Allen, Barker and Hines (1). Therefore they are not 
discussed hero. Those which may be of valuo for investigative purposes 
include: the <tme for readhe hyperemia to develop after a period of 
Ischemia; the color and temperature of the skin before and after ischemia; 
arteriography and renography by injection of radiopaque substances in the 
living subject; osdUometry, which both Allen and hi* co-workere and the 
editor feel has little practical value; circulation time, which is fully 
covered by these authors, including tables of normal values; histamine 
xcheal and flare test; saline wheal tat; measurements of oxygen content of 
cenous blood and of arteriovenous oxygen difference. 

REFERENCE 

L Altai, E. V.; Barker, N. W., and Hlace, E. A.: Peripheral Vascular Diuatt* 
(Philadelphia: W. B. Sounder* Company, 1M7). 



216 


INDIRECT METHODS FOR REGIONAL BLOOD FLOW 

mixture of carbon dioxide and oxygen Arch. Neurol, A Paychiat 28 : 731, 

1931. 

2. Dumke, P. R., and Bchmidt, C. F.: Quantitative measurement* of cerebri! 

blood flow In macaque monkey, Am. J, PhyiioL 138: 421, 1043. 

3. Eckenhoff, J. E., ti oL: Measurement of ooronary blood flow In dogs with nitrous 

oxide method. Am. J. PhyiioL, 1948. 

4. Ferris, E. Q., Jr.: Objective measurement of relative Intracranial blood fkrw In 

man. Arch. NeuroL A Psyehlat 4(5: 1, 1041. 

6. Gibbs, E, L.; Lennox, W. Q., and Gibb*, P. A.: Bilateral Internal jugular blood: 

Comparison of A-V difference*, oxygen -dextrose ratio* mvl respiratory qoo- 
tienta, Am. J. Paychiat. 102: 184, 1943. 

0. Qlbbe, F. A.; Gibb*, E. L., and Lennox, W. Q,: Changed in hnman cerebral 
blood flow oonsoquont on alteration* In blood gaaes, Am. J. Physiol. 111:657, 
1935. 

7. Qlbbe, F. A; Maxwell, EL, and Qlbbe, E. L.: Volume flow of blood through 

human brain, Areh. NeuroL A Paychiat. 57: 187, 1947. 

8. Kety, 8. 8., and Bchmidt, 0. F.: Determination of eerebral blood flow in man 

by use of nltroui oxide in low concentration*, Am J. PhyiioL 143: 53, 1946. 

9. Kety, 8. 8., and Schmidt, C. F. : Effect* of active and panel to hyperventilation on 

cerebral blood flow, cerebral oxygen consumption, oardiao output and blood 
pressure of normal young men, J. Clin. Investigation 25: 107, 1945. 

10. Kety, B. S., and Bchmidt, 0. F.: Nitron* oxide method for quantitative deter- 

mination of ocrebral blood flow in man : Theory, procedure and normal value*, 
J. Clin. Investigation, 1948. 

11. Kety, S. B., and Bchmidt, C. F.: Effect* of altered arterial tanalona of carbon 

dioxide and oxygen on cerebral blood flow and cerebral oxygen eonaumptlon 
of normal young men, J. Clin. Investigation, 1048. 

12. Kety, 8. S., *f oL: Solubility of nitrous oxide in brain, J. Biol. Chem. 173: 487, 

1048. 

18. Kety, B. 8., ef of.: Blood flow, oxygon consumption and vascular redatanee of 
brain in petlect* with essential hypertension, J. Clin. Investigation, 1048. • 
14. Kety, 8. 9., M aL: Blood flow, oxygen cons um ption and vascular reeiatanoe of 
brain in patient* with increased Intracranial pressure, J. CHn. Investigation, 

1948. 

16. Kety, B. B-, d ah: Cerebral blood flow and metabolism in nohlaophrenl a: Eff ect* 
of barbiturate ueml-narcoaia, Insulin com* and electroshock, Am. J. Paychiat, 
1948. 

16. Kety, 8. B., rf «jL; Cerebral blood flow and metabollam In patients with severe 

diabetic addorde or coma, to be published. 

17. Lennox, W. G., and Gibb*, E. L. : Blood flow In brain and leg of man, and 

change* Induced by alteration of blood gasea, J. Clin. Investigation 11: 1166, 

1932. 

18. Mycraon, A ; Halloran, R. D., and Hirach, H. L. : Technique far ob taini ng blood 

from Internal Jugular vein and carotid artery, Arch. NwroL A Paychiat. 17: 
807, 1027. 

10. Orcuti, F. 8^ and Waters, B_ M.: Method for det ermin at ion of cyclopropane, 
ethylene and nitrous oxide in blood with Van Slyke-Ndll manoanetrio appara- 
tua, J. BioL Chem. 117: 609, 1937. 

20. Bchmidt, O. F.; Kety, 8. 8^ and Penne*, H. EL: Gaseous metabolism of brain of 

monkey, Am. J. PhyaloL 143: 33, 1945. 

21. Shenkfn, H. A ; flannel, AL EL, and Kety, a B. : Dynamic anatomy of oerehrml 

circulation, Arch. Neurol. A PayehiaL, 1948. 

22 . Sbenkin, IL A; Splta E. It, and Kety, 8. B.: Phydologio atudlre In arterio- 

TOJom ano malic* of tho brain, J. Netmwurg. 5: 165, 1018. 

23. Spitx, E. It, H at: Cerebral blood fiers^aod cerebral metaboitam In epllepay, 

Proc. A Research Nerv. A Ment Dia, 1047. 



210 


EFFECTIVE COLLATERAL CIRCULATION 

through the eognate bed as a result of clmngea in pressure of a fow 
millimeters of mercury in the outflow system or in tiro preawro in 
collateral venous channels. 

Studies of the relationship of perfusion pressure to flow through the 
cognate bed in measurement of peripheral resistance may bo satisfac- 
torily accomplished in most vascular regions by perfusing the collateral 
arteries to the same pressure as that of the cognate artery. However, 
technical errors are very Iikfely whenever the flow into the collateral 
arteries Is extremely large or the anastomotic communications are 
prominent. 

In flow studies in the distal part of extremities tho exchange of blood 


CAS 



Fin. L— Anatomic inungBrocnt of peripheral circulation. Upper half, collateral 
raacular bed; lower half, connate vwwulor bod. A, aorta; Cj.ai, damp* for eojnpraa- 
ing variotw rea»Ia; P COL, P COO, points at which arterial inflow and pressure are 
measured in collateral and cognate ayatema; COL A, COO A, collateral and cognate 
wnply arterW; AitT, arteries and arteriole*; CAP, capQlanea; VPN, venule* and 
tom; A AC, arterial anastomotic channel; VAC, rtooue anaetomotio channel; 
COG VF, point at which cognate venom outflow U mcaattred; VC, rena cava; ar- 
row*, point* at which toured qua ta presumably Interrupt flow between collateral and 
cognate vaacular bcch. (Reprinted from Am. J. Phywol.) 

across both venous and arterial anastomotic channels may be effectively 
prevented by application of wire ligatures which tightly compress all 
structures except tho cognate artery and vein and the nerves (1). 

IL Measurement of Effective Collateral Circulation 

Effective collateral flow is defined as the rate at which blood will flow 
from tho collateral beds through the anastomotic channels and thence 
through the cognate bed immediately after occlusion of the cognate 
artery. Measurement of backflow from tbe distal end of tbo oognate 
artery provides a rough measure of effective collateral flow. A better 
estimate of effective collateral flow with respect to normal flow through 
the cognate bed at mean aortic preeeure is given by tho ratio of the pe- 
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I. Artifacts in Measurement of Flow 

Peripheral resistance changes and vasomotor reactions are frequently 
studied by measuring the blood flow through specific vascular beds by 
recording either the flow into the artery supplying the region or the flow 
out of the vein draining it. However, either the inflow or the outflow may 
differ considerably from the flow through the vascular bed whenever the 
pressure in tho cognate artery or vein differs from that in the correspond- 
ing collateral vessels. This discrepancy is duo to the variable exchange of 
blood across tho arterial and venous anastomotic channels between the 
vascular bed being studied and the collateral vascular beds. 

The anatomic arrangement of tho peripheral circulation is shown in 
Figure 1. Tho lowor half of the figure represents the vessels in which 
vasomotor reactions are being studied — the “cognate” system. The upper 
half represents all adjacent vessels having arterial and/or venous anasto- 
motic communications with the oognate capillary bed — tho “collateral” 
systems. 

Tho magnitude of exchange of blood across the arterial anastomotic 
channels may be studied by comparing the flow of blood from a reservoir 
into the cognate artery at a given perfusion pressure while the collateral 
arteries are receiving blood (a) at higher, (b ) at the same and ( c ) at lower 
pressures. In experiments on the hindextremity of the dog, In which the 
collateral arteries were receiving blood from the aorta and resistance to 
flow in tho arterial anastomotic channels was small in relation to that in 
the cognate capillary bed, it was observed that : (a) flow into the cognate 
artery at a perfusion pressure 15 mm Hg greater or less than aortic mean 
pressure differed from the flow through the oognate bed by 40-300 por 
cent, and (b) although flow through tho cognate bed was unchanged, flow 
into tho cognaie artery under a constant hood of pressure provided by a 
rrsorvoir increased 40-1000 per cent as a result of fall in pressure in the 
collateral arteries such ns might be produced by a 50 per cent decline In 
aortic pressure. 

In the presence of prominent venous anastomotic oJianncis, outflow 
from the cognato vein may vary from 25 to 200 per cent of the flow 
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I. Cardiac Contractility 

This wab ueasuhed derectlt by Walton and Brodie (30), who recorded 
the force just neccjwuy to prevent shortening of a given group of 
myocardial fibers as tho heart responded to various agents presumed 
capable of modifying the inherent cardiac contractility. (See also dis* 
cuarion, p- 247.) Warren, Weens and James (abet., Am. Soc. Clin. Investi- 
gation, 1948) liave described a dnematographio techniqno for studying 
heart action which may be useful In evaluating contractility. 

II. Physical Methods for Cardiac Output 

Measurement of cardiac output by a physical method which would 
permit continuous quantitative and relatively instantaneous determina- 
tions is a highly desirable, but incompletely attained, objective. Means 
which have been studied include: the pneumotochygram (3, 7, 0, 10, 17, 
20), the impedance cardiogram (1, 2, 0, 23, 24, 29, 30), pulse wave 
velocity and contour (13, 18, 28, 27, 37) and the bsHistocardiograph 
(5, 15, 21, 22, 25, 31, 32). The editor feels that the first two have not 
demonstrated their adequacy as research tools. Because of limitations of 
space, discussion of these four methods is omitted. The references cited 
and, in particular, reviews by Hamilton (11, 12) should be consulted for 
details. 


IIL Injection Methods 

Stewart (84, 35) first attempted tho computation of cardiac output 
from the arteriovenous difference in concentration of a substance 
(sodium chloride or a dye) injected at a constant rate into a vein. The 
method, revived by Wiggcrs (38), has been reviewed by Hamilton (11, 
12), Recent studies suggest that the dye Injection method may give re- 
sults with reliability comparable to that of the direct Pick method (8, 
14). With tbeae techniques analysis Is simpler than that for oxygen, and 
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ripheral arterial pressure in the cognate artery minus 20 to the mean 
aortic pressure. A more accurate measure of effective collateral flow is ob- 
tained by recording flow Into the oognate artery while perfusing the 
cognate and collateral arteries at a pressure equal to the peripheral ar- 
terial preeeure in the cognato artery (above) and oomparing this with the 
flow through the oognate bed at mean aortic pressure. In various por- 
tions of the hind-extremity of the dog the effective collateral flow varied 
from 9 to 85 per cent of normal flow through the cognate bed (for details 
see (1)). 

Nom — Soctkms I and II were reviewed by Donald E. Gregg. 
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I. Cardiac Contractility 

Tina iv as measured directly by Walton and Brodie (30), who recorded 
the force just necessary to prevent shortening of a given group of 
myocardial fibers oa the heart responded to various agents presumed 
capable of modifying the inherent cardiac contractility. (See also dis- 
cussion, p. 247.) Warren, Weens and James (abut., Am. Soc. Clin. Investi- 
gation, 1948) have described a cinematographic technique for studying 
heart action which may be useful In evaluating contractility. 

II. Physical Methods for Cardiac Output 

Measurement of cardiac output by a physical method which would 
pennit continuous quantitative and relatively instantaneous determina- 
tions is a highly desirable, but incompletely attained, objective. Means 
which have been studied include: the pDeumotachygram (8, 7, 9, 10, 17, 
20), the impedance cardiogram (1, 2, 0, 23, 24, 29, 30), pulse wave 
velocity and contour (13, 18, 26, 27, 37) and the balliatocardlograph 
(5, 16, 21, 22, 26, 31, 32). The editor feds that the first two have not 
demonstrated their adequacy as research tools. Because of limitations of 
space, discussion of these four methods is omitted. The references cited 
and, in particular, reviews by Hamilton (11, 12) should be consulted for 
details. 


m. Injection Methods 

^Stewart (34, 35) first attempted the computation of cardiac output 
‘ *he artenovenous difference in concentration of a substance 
(.•odium chloride or a dye) Injected at a constant rate into a vein. The 
method, revived by Wiggcra (38), has been reviewed by Hamilton (11, 
n Ke ^ nt ^ udIes that the dye injection method may give re- 

m bDlty comparable to that of the direct Fick method (8, 

14). With these techniques analysis is simpler than that for oxygen, and 
221 
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cardiac catheterixatian or puncture is not necessary. White (37a) has 
described a modification of the saline injection method for cardiac output 
in wfaioh the conductivity of femoral artery blood is recorded continu- 
ously with a cathode ray oscillograph. 


IV. Gasometric Methods 


Various gaaometrio methods have been devised (10). They principally 
involve the uso of the Fick Oj difference conoopt, but involve elaborate 
techniques for attempting to determine the mixed venous 0, content 
without having recourse to cardiac catheterisation or puncture. Tiny 
give lower readings in general than the direct Fick procedure, which the 
editor prefers (4, 19, 28). (See p. 224.) 

REFERENCES 

1. Attler, E.: Dlelectrography, In Abderhalden, E.: Hendbuck dtr lisioffitckm 

Asbritrmeihodtn (Vienna: Urban A Bohwanwnberg, 1936), VoL V, part 8, p. 
1073. 

2. At* tor, R.. md Lehman, G.: New procedure for recording heart activity (dleleo- 

trography), ArbeltsphynioL 6: 538-680, 1932. 

8. Brnnn-Menonde*, E., and Vodoya, R.: Cardlopneumatio movement*, CompC 
rend. Soc. clebloL 124: 877 -380, 1937. 

4. Cournand, A.: Measurement of cardiac output In man u*ing right heart cathe- 
tcrliatlon, Federation Free. 4: 207, 1946. 

6. Coomand, A. ; Rangoa, EL A., and Riley, R- L. : Comparison of result* cd normal 

bidllatooardfogrnm and of direct Fick method In measuring oardiac output in 
man, J. Clin. Investigation 21: 287, 1942. 

0. Oremar, M. : Measurement of cardiac output In terms of impedanoe or dielectric 
change, MGnehen. med. Wchnschr., p. 83, 1907. 

7. von Diringsbofen, H. ; 8arre, IL, and Bterami, W. : Study of roentgen density of 

lungs In man as measure of pulmonary blood flow, ZUchr. f. Krdtburiloreeh. 
86:402, 1943. 

8. Dow, P.; Hwhn, P. F., and HamUtoc, W. F.: Simiiltaneou* transport of T-1824 

and radioactive red oeU* through heart end lungs, Am. J. PhymloL 147 : 4SG- 
409,1040. 

0. Flefawh, A. : Poourootachygraphy, In AbderhaWen, E. : Haadtwek dtr bioi&fitckn 
ArbtittmeOKiden (Vienna: Urban & Bchwarienberg, 1936), VoL V, part 8, p. 
846. 

10. Grollman, A.: Cardiac Oulpul in UtaWi and Ditto** (Springfield, III,: Chark* 

C Thomas, Publisher, 1032). 

11. Hamfl ton, W.F.: Cardiac Output, in Qlasser,0. (ed.): AfmJicai PA jwfc* (Chicago: 

Year Book Publisher*, Inc., 1944), p. 676. 

12. Hamilton, W. F.: Note* on development of phyiiology of cardiac output. 

Federation Pro*. 4: 183, 1946. 

13. Hamilton, W. F., and Remington, J. W.: MeaMreroent of stroke volume from 

pleasure pulse. Am. J. FhyaioL 148: 14-34, 1947. 

14. Hamflton, W. F., and Remington, J. W.: Compariian of time concentration 

curve* In arterial blood of dlffoafljle and non-difftaiblo •nbaUnce* when In- 
jected at oon*t*nt rate and when injected ln at a n U n oouriy, Am. J. PhytloL 
148: 36-69, 1047. , 4 , , 

IB. Hamilton, W. F.; Dow, P., and Remington, J. W.: RelaUonahip between 



a ASO METRIC METHODS 223 

iw nUtn ejection cutto end ballistocardiographic force*. Am, J. Phyaioh 144: 
657-670, 1046. 

16. Holxhlhner, E.: Respiratory pulse (eardiopooumatlo movement) and reflux 

of blood to heart: Volume and prewure pulse, Ztschr. f. Bk)l. 08 : 281-301, 
1987. 

17. Hol*l5hner, E.: Respiratory pube In mao and drcalatlon In vulne near heart. 

Arch. f. Krdalauff orach. 1 : 305-367, 1937. 

18. Kinj^ A. L.: Ware* In elastic tube*: Velocity of pubo wave in large arterie*, 

J. Apph Phyrics 18: 695, 1947. 

10. MeMlchaal, J.: Note* on oardlae ontput method*, Federation Proc. 4: 212, 
1946. 

20. M Oiler, E. M., and Wachcnnth, H. O.: Form, nature and behavior of cardlo- 

pneumatic morement In low praemro region: Relation of eardlo pneumatic 
morement to arterial pulse, Arch. f. Krefalaoff orach. 6: 1-21, 1940. 

21. Nickerson, J. L.; Warren, J. V., and Brannon, E. S.: Oardlae output In man: 

Btudk* with low frequency, critically damped ballistoeardiograph and method 
of right hoart catheter! satkri, J. Clin. Investigation 26: 1, 1947. 

22. Nlckernon, J. L., and Curtb, II. J.: Design of baBbtoeardiograph, Am. J. 

Phyaioh 142: 1-11, 1944. 

23. Nyboer, J., «< al.: Radiocardlogrami : Qectrlcal Impedance change* of heart in 

relation to electrocardiogram* and heart aound*, J. Clin. Investigation 19 : 773, 
1040. 

24. Nyboer, J. : Electrical Impedance Pkrthyxmograph, In Glassor, 0. (ed.) : Altdical 

Pkftia (Chicago: Year Book Publisher*, Incu, 1944), p. 340. 

25. Otis, A. Ih, «t oh: Ballistocardiographic study of change* In oardlae output due 

to inspiration, J. Clin. Investigation 25: 413-421, 1940. 

2S. Remington, J. W., and Hamilton, W. F.: Construction of theoretical cardiac 
ejection curve from contour of aortic pi in s u re pul*e, Am. J. Phyaioh 144: 
646-666, 1946. 

27. Remington, J. W.; Hamilton, W. F., and Dow, P.: Borne difficulties Involved In 

prediction of stroke’* volume from pube wave velocity, Am. J. Physiol. 144: 
536-646, 1946. 

28. Richard* D. W., Jr.: Oardlae output by catheterisation technic In various 

dltdcal conditions, Federation Proc. 4: 218, 1946. 

29. Rdsa, L.: Diagnoatlo nee of abort wavo field In oardlovaacolar pathology (radkt- 

eaniJography) Ztachr. f. Kreblaj iff orach. 32: 118-136, 1940. 

80. R6aa,L.: New diagnoatlo naee of long and short waves in cardiac diseasoa, BolL, 
et TnAm Boc. d’Oectro-rmdiob mAh de France 26: 660-668, 1638. 

•31. Starr, L; Present itatui of ballistoeardiograph a* m anna of measuring oardlae 
output. Federation Proc. 4: 196, 1945. 

32. Starr, L, and Friedland, C. K.: On eauae of respiratory variation of ballisto- 

cardiogram with note on almn arrhythmia, J. Clin. Investigation 25:63-64, 
1946. 

33. Starr, L; Raweon, A. J., and Schroeder, H. A.: Apparatus for recording heart's 

recoil and blood’s impact tn man: Experiment* on principle* Involved, record* 
in normal and abnormal ooodltiou*, Am. J. Phyaioh 123: (proc.) 195, 1038. 

34. Stewart, Q. N. : Researches on drcnlation time and oo Influences whioh affect It 

J. Phyaioh 22: 160, 1887-98. 

35. Stewart, G.N.: Output of heart in doga, Am. J. Phyaioh 67: 27, 1921. 

36- Waited, R_ p., andBrodle, O. J-: Effect of drug* on contractile force ol section 
of right ventricle under condition* of Intact circulation: Measurement of lao- 
metrio systolic tension by mean* of calibrated spring* attached to myoeardio- 
graphlc lever*, J. Pharmaeoh A Exper. Thsrap. 90: 26, 1947. 

37. Weulrr, K_, and B6ger, A. : New means of determining absolute *troke volume of 
heart In man based on Wlndkessol theory and with experimental demonstra- 
tion Arch. f. exper. Path. U. Pharmakoh 184: 482-606, 1937. 



224 


CARDIAC OUTPUT AND (X5NTRAOTILITT 

37a- White, H. L.: Measurement of eartflac output by eontlnuoaBljr recording ©an- 
dootirity method. Am. J. PhysioL 151 : 45, 1947. 

88. Wlgaen, H. C. : Cardiac output aud total peripheral resistance measurements 
la experimental dogs, Am. J. PhysioL 14 0: 519, 1944. 

V. Dete rmina tion of Cardiac Output in Man by Right 
Heart Catheterization 

JAMR8 V. WARREN, Emmy Unirtrtiiy 

• The Fick principle has been the meet widely accepted basis for deter- 
mination of cardiac output in the intact experimental animaJ. Applica- 
tion of tho direct Fick principle to measurements in man was hampered 
by difficulty in obtaining samples of mixed venous blood until the report 
by FoTHsmann (6) in 1929 that a catheter could be passed through the 
venous system into the human heart and later demonstration of its 
safety and utility by Couraand and his colleagues (2, 3) led to wide- 
spread uso in man (3, 8, 11, 12). Several thousand catheterisations have 
been performed in various laboratories with no record of serious un- 
toward effect. However, it is a potentially dangerous procedure and 
should only bo carried out with considerable care and thoughtfulness. 

The Fick principle can be applied in various ways, but in determination 
of cardiac output by tho catheter technique, measurement of oxygen 
values has provod to bo most useful. In briof, tho principle is 

-i- «*■> - 

Samples of arterial blood are obtained by direct puncture and those of 
mixed venous blood by catheterisation of the right heart. From these 
data a-v oxygen difference can be calculated. Oxygen consumption is 
measured either by a standard metabolism technique or by an open 
circuit method with collection and analysis of samples of expired air. 

EQUIPMENT 

o) X-ray apparatus . — Although x-ray equipment is highly desirable, it 
is not essential. The procedure is usually carried out with the subject 
horizontal on a fluoroscopic table that is covered with a mattress or pad 
so that the patient may remain on it for some time without discomfort. 
The usual technique for fluoroscopy of the cheet is followed. Protection 
against excessive radiation of the patient end exposure of the operators 
is required. A inning device is useful to warn if fluoroscopy is unduly 
prolonged. The operator and his assistants should wear leaded aprwifl. 
Since it is practically Impossible for the operator to wear leaded gloves, 
extreme care should be taken to avoid placing the hands in the direct 
beam of the x-ray. At times it is desirable to have facilities available for 
taking x-ray films, but this Is not required. 
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b) Cathden, — The catheters used are only slightly different from 
those commonly used in ureteral catheterisation.* They are 100 cm long 
and made of woven fabric with a plastic covering. A small angulation a 
few centimeters from the tip permits direction of its progress by rotation 
of the oxtenml end. The other end is fitted to an Adaptor similar to the 
hub of a hypodermic needle. Tbcso cathetere can be sterilized by auto- 
claving as for rubber goods, 

c) Other in& umenis. — A small set of sterile instruments is needed for 
skin incision and isolation of the vein, and a second set is used for dosing 
the incision after the procedure is oompleted. The following items are 
contained in the kits used at Emory University: 


lM»r»WBjrr Krr 
Tourniquet 

3-way itopoodc with rubber tubing 


1 pr 2 towel chp* 

Small eurred hrmoWAt 
Medium dse curred bemoatat 
SoulD atrslcbt hanortat 
1 ti**w forceiw 
6flk 

1-5 ml fTrln*B 
1 fa needle (1 in.) 

3 X 3 In. speror* 


Siran Krr 
Needle bolder 
Small ad*nn 
2 curved ntorc needle*, 
thrmded 
1 ti**ue foreep* 

Spoofs* 


A sterile package of towels should be available for draping the arm. 
Sterile syringes, mineral oil and bottles for collecting blood samples are 
also required. 

d) Pressure-recording apparatus. — A press ure-rccording device to be 
connected to the catheter aids in determining tbe position of the catheter 
tip; a recording manometer (0) is preferred. If one is not available a 
simple saline manometer of the typo generally usod in venous pressure 
determinations suffices. It can be mounted on a stand so that the zero 
point on tbe scale is adjustable to the assumed level of the patient’s right 
atrium. 

e) Apparatus for measuring oxygen consumption. — Ihe patient’s oxy- 
gen consumption may be determined with a standard metabolism appa- 
ratus or by an open circuit method using Douglas begs and analyzing 
their contents. With tbe latter, a means of measuring tbe amount of 
gas in the Douglas bag (a Tissot spirometer or a gas meter) and a 
Haldane gas analysis apparatus are required. 

f) Apparatus for chemical analysts. — To determine the oxygen content 
of the blood samples most laboratories utilize tbe nmnometric Van Blyko 
apparatus (9), although the Roughton-Scholander micromethod for 
oxygen determination has proved sufficiently accurate for cardiac output 
determinations (10). In England the Haldane blood-go* analyzer is used 


* Obt*in*iJ» £rt*n U. 8. C-*tiw+rr and Injtmnnat Company. GUa» Falla, N, Y. 
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PROCEDURE 

a) Preparation of patient. — Tho patient should be os relaxed as possible, 
mentally and physically, during catheterization and estimation of 
cardiac output. Ueo of tho fluoroecope, necessitating operation in an x-ray 
room, is unfortunate, sinco the surroundings may make the patient 
apprehensive. Ideally the room should look not like a laboratory but like 
an attractivo hospital room. The surroundings should bo pleasant and 
quiet, especially when basal determinations are being made. 

In most ins Urn cos wo do not use premodi cation. In extremely appre- 
hensive subjects a mild sedativo may be given, and in infanta and small 
c h ildren general anoetheaia may be required.- We do not use an anti- 
coagulant or an antibiotic to prevent infection. In some laboratories 
sulfonamide i* placed in tho wound or ponicillin is administered sys- 
tem! call y as a prophylactic measure. 

Whether a vein of tlio right or of tho left arm is used appeom to make 
relatively little difference. Tho path of the cathetor is shorter from the 
right side, but angulation into the superior vena cava is more acute. 
From the left side tho catheter must pass across tho upper mediastinum 
where occasionally, but not frequently, angulation or tortuosity of the 
venous channola makes passage of tho catheter difficult or impossible. 
In either arm tho median antecubital vein is the one beet suited for 
catbeterixation. If tho cephalic vein (near tho lateral aspect of the 
antecubital space) is used, its entrance into the axillaiy vein is at approxi- 
mately a right anglo and passage is frequently difficult. Time and care 
spent in selection of the best vein is well worth while, since it may make 
the difference between success and failure. 

5) Catheter insertion. — While the operator is scrubbing, on assistant 
sterilizes the akin area around the patient’s elbow. After patting on 
rubber gloves, the operator drapes the patient’s arm with sterile towels 
so that only a short length of arm near the proposed site of indsioa Is 
exposed. It is well to place a folded towel to interrupt the patient’s line 
of vision down the arm. The area of the incision is infiltrated with 
procaine and a sterile tourniquet applied above the elbow. After the 
anesthetic has taken effect a transverse incision about 1 cm long Is 
made. When healed it will be less obvious if made along the transverse 
linear markings of the antecubital space. The van is isolated by blunt 
dissection. A email hemostat is very useful in this procedure. In general, 
it appears that the lees local trauma, the less tendency there Is to veno- 
spasm. When the vein is isolated a double loop of silk is passed under it. 
The silk is divided and one piece pulled to the distal end of the exposed 
part of the vein and tied with a single knot. This prevents retrograde 
bleeding when the vein is opened. Tho other piece of silk is looped around 
tho proximal end of the exposed vessel but is not tied. This loop serves as 
a means of traction on the vein. 

The catheter and attachments are next prepared. In our laboratory we 
have connected the catheter to a 3-way stopcock, the rick-arm of which 
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is attached by rublicr tubing to a bottle of phyaiologio saline solution such 
as used for hypodcnnoclysis. The saline is allowed to run through the 
catheter to displace all nir. Tlie ojicmtor then moistens tlio external 
surface of tho catlietcr by wiping with a wet sponge and inspects it for 
any blemishes or foreign matter. Tlio vein in elevated by ano of tho silk 
ties and a small fish-mouth incision made with a bayonet typo scalpel. 
The catheter tip is inserted in the vein and passed sovcral centimeters 
up the lumen. 

Tho fluoroscopic screen is now put in place and further passage of the 
catheter is carried out with the aid of x-rays. Tlio catheter tip is passed 
up the arm and into the thoracic cavity. If an obstruction ia met on 
attempting to enter the thoracic canty, rotation of tho catheter or alight 
movement of the arm one! shoulder joint usually oIIowh tho catheter to 
proceed without difficulty. At no time should force bo used. Once in the 
thoracic cavity tbo catheter is dirroted into tlio superior vena cava. To 
prevent its entrance into the neck veins, it is l»est to have tho patient 
turn his head toward tho side of the operator during this phase. Even so, 
sometimes tho catheter passes into the neck veins or across tho medi- 
astinum; In this case it is withdrawn several centimeters, rotated and 
reinserted. 

After pasaing down the superior vena cava tho catheter enters tho 
right atrium. It is preferable to have the catJieter tip in tho vicinity of the 
tricuspid valve for licet sampling of mixed venous blood in tbo atrium. 
Tbo appearance at this time is shown in Figure 1. If the cathotor is In 
this position it is usually easily advanced farther into the right ventricle. 
When the catheter is in the tricuspid nrea ectopic beats may occur, end it 
is probably not desirable to loovo tho catheter in such a position. Tbo 
position of the catheter when in the ventriclo is shown in Figure 1. At 
times while in tho atrium tho an gu la tod tip persistently points toward 
the subject's right and shows no tendency to entor tbo ventricle directly. 
In these circumstances advancement of tho catheter often produces a 
redundant loop, and tho tip will pass into the ventriclo (Tig. 1). On other 
occasions tho tip tends to pass into tho inferior vena cava or hepatic 
veins; if this occurs it con bo withdrawn and reinserted in the proper 
direction. Frequently many attempts arc required before tho desired 
location is attained. 

If the catheter tip is in the right ventricle further passage into the 
pulmonary artery can usually be accomplished. The tip passes ceph- 
olad, then into either the right or left lung field. Care must be taken 
that the catheter does not proceed too far at this time if one deeires to 
obtain samples of mixed venous blood. If the tip is too far into tbo finer 
ramifications of the pulmonary' artery, arterialixed blood may be with- 
drawn, the result of retrograde flow from pulmonary capfllaries. 

Samples of blood from the proximal pulmonary artery appear to be 
most representative of mixed venous blood. Samples from the ventricle or 
atrium are more variable (7). Particularly In the latter instance is the 
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PROCEDURE 

a) Preparation of patient .— Tho patient should bo os relaxed as pcwible, 
mentally and physically, during catheterisation and estimation of 
cardiac output. Use of tho fluoroscope, necessitating operation in an x-ray 
room, is unfortunate, since the surroundings may make the patient 
apprehensive Ideally the room should look not like a laboratory but like 
an attractive hospital room. Tho surroundings should bo pleasant and 
quiet, especially when basal determinations ore being made. 

In most instances we do not use proraedi cation. In extremely appre- 
hensive subjects a mild sedative may bo given, and in infants and small 
children general anesthesia may bo required. We do not use an anti- 
coagulant or an antibiotic to prevent infection. In some laboratories 
sulfonamide is placed in tho wound or penicillin is administered sys- 
temicnlly as a prophylactic measure. 

Whether a vein of the right or of tho loft ann is used appeare to make 
relatively little difference. Tho path of tho catheter is shorter from the 
right side, but angulation into the superior vena cava is more acute. 
From the left side tho catheter must pass across the upper mediastinum 
where occasionally, but not frequently, angulation or tortuosity of the 
venous channels mokes passage of the cathoter difficult or impossible. 
In eithor arm tho median antecubital vein is tho one best suited for 
catheterUation. If tho cephalic vein (near the lateral aspect of the 
antecubital s]mce) is used, its entrance into the axillary vein is ut approxi- 
mately a right angle and passage is frequently difficult. Time and care 
spent in selection of the best vein is well worth while, since it may make 
the difference between success and failure. 

b) Catheter insertion . — While the operator is scrubbing, an assistant 
sterilixes the skin area around the patient’s elbow. After putting on 
rubber gloves, the operator drapes the patient's arm with sterile towels 
so that only a short length of arm near the proposed site of incision is 
exposed. It is well to place a folded towel to interrupt the patient’s line 
of vision down the arm. The area of the incision is infiltrated with 
procaine and a sterile tourniquet applied above the elbow. After the 
anesthetic has taken effect a transverse incision about 1 cm long Is 
made. When healed it will be less obvious if made along tho transverse 
linear markings of the antecubital space. The vein la isolated by blunt 
dissection. A small hem os tat is very useful in this procedure. In general, 
it appears that the lew local trauma, the leas tendency there is to veno- 
spaam. When the vein is isolated a double loop of silk is passed under it. 
The silk is divided and one piece pulled to the distal end of the exposed 
part of the vein and tied with a single knot. This prevents retrograde 
bleeding when the vein is opened. The other piece of silk is looped around 
the proximal end of the exposed vessel but is not tied. This loop serves as 
a means of traction on the vein. 

The catheter and attachments are next prepared. In our laboratory we 
have connected the catheter to a 3-way stopcock, the side-arm of which 
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of blood appeara through the fine boro. With the necdlo in place, the 
sharp stllet is removed and replaced by a blunt solid one. If the needle is 
threaded up the artery a short distance it may be left in plnco for some 
time without pain or danger of clotting. Samples of blood for oxygen 
analysis are removed in a man nor similar to that used in obtaining 
samples from the catheter. 

d) M casurtmcnl of oxygen consumption. — TIub may bo done by an open 
circuit method, collecting expired air in a Douglas bag or Tiasot spirom- 
eter over a measured period. It Is preferable to have on outside source 
for air intake, thus providing greater constancy in composition. Follow- 
ing a washing out period, collection of a 2 or 3 min sample appears to be 
adequate. The amount of air collected is measured and a small sample 
analysed for oxygen and carbon dioxide content. From these data, knowl- 
edge of the composition of inspired air, temperature and barometric pres- 
sure, the amount of oxygen consumed during a unit period of time may 
be calculated as in metabolism studies (0). 

Oxygen consumption may also bo determined with on ordinary 
metabolism apparatus. Conventionally this means the breathing of 
pure oxygen. In this caso tho determination should be delayed until 
after the blood sample* are collected, bo that oxygen inhalation will not 
affect the blood levels. Uso of room air in the metabolism apparatus 
appears possible and may avoid distortion of the blood samples. 

t) Estimation of cardiac output . — This is readily obtained by the follow- 
ing calculations. If, for example, 

oxygen consumption - 260 oc/min 
arterial Oi content - 200 oc/1 
Trwa Oi content - 160 oc/1 

260 260 

csrdkc output - ^ ^ - 5 1/ndn. 

To minimise variations due to different body sires, It is often useful to 
calculate the so-called cardiac index. This is the cardiac output in 
1/min/sq m body surface area. 

Whenever It is felt that the cardiac output may be rapidly changing, 
sampling of blood and of expired air should be done simultaneously. 
We believe that when dealing with relatively stable states, however, 
sampling in rapid succession has certain advantages. The venous sample 
is obtained first because it disturbs the patient least. This is followed 
rapidly by the arterial sample and finally by the oxygen consumption 
measurement. The last is most likely to disturb the patient, and if this 
does occur only one value rather than two or three will be distorted. 

f) Caihdtr rtmaraL — On completion of the procedure and removal of the 
ca the ter the two «Qk ties around the vein are also taken out. The akin fe closed 
with two fine ailk auturea, and any bleeding controlled by a p r as sur e bandige. 
The aoturea are removed aeveral days later, and in most instances the rein 
will be reran allied in a few meb. 

Critique . — The direct FIck principle applies in nearly all situations. It 
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operator liable to error because of inadequate mixing of the venous blood 
(13). An additional source of error is entrance of the catheter into the 
coronary sinus. Blood from this vessel has an extremely low oxygen con- 
tent and is, of couree, not representative of mixed venous blood (1). 

c) Blood samples .—' With the catheter in placo, sampling of the blood 
can be carried out. The slow drip of saline is turned off and several 
millili ters of blood withdrawn and discarded to flush out the saline solu- 



tion in the catheter system. Pure blood samples are thoi withdrawn into 
a syringe under oil or over mercury and transferred to suitable con- 
tainers under oil or over mercury. 

Arterial blood is obtained by direct puncture. We usually use the 
femoral artery just distal to the inguinal ligament. The skin area and 
subcutaneous tissue around the site of puncture are anesthetized with 
procaine. A special needle* has proved most satisfactory. Continuation 
of the needle tubing through the hub prevents contamination of samples 
by clotted blood contained in the hub. The needle is inserted with Its 
sharp open-bore stilet in place. When the artery Is entered a small drop 


f Cottmsod n*edl«. nud* by Boctoo-Dlckbuon A Co., Rutherford, N. J. 
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of blood appears through tho fino boro. With tho needle in place, the 
sharp stilet is removed and replaced by n blunt solid ano. If the needle is 
threadod up tho artery a short distance it may bo left in placo for some 
time without pain or danger of clotting. Samples of blood for oxygen 
analysis arc removed in a manner similar to that used in obtaining 
samples from the catheter. 

d) Measurement of oxyym consumption. — This may bo done by an open 
circuit method, collecting expired air in a Douglas bag or Tis&ot spirom- 
eter over a measured period. It is preferable to havo an outside source 
for air intake, thus providing greater constancy’ in composition. Follow- 
ing a washing out period, collection of a 2 or 3 min samplo appears to be 
adequate. The amount of air colioctcd is measured and a small samplo 
analyzed for oxygen and carbon dioxido content. From these data, knowl- 
edge of the composition of inspired air, temperature and barometric pres- 
sure, the amount of oxygen consumed during a unit period of time may 
be calculated as in metabolism studies (9). 

Oxygen consumption may also be determined witb an ordinary 
metabolism apparatus. Conventionally this means the breathing of 
pure oxygen. In this case tho determination should be delayed until 
after tho blood samples are collected, so that oxygen inhalation will not 
affect tho blood love Is. Use of room air in tho metabolism apparatus 
appears possible and may avoid distortion of the blood samples. 

e) Estimation of cardiac output. — Tliis is rcfwlily obtained by tho follow- 
ing calculations. If, forexamplo, 

axj*en consumption — 250 ce/nrin 
arterial O, content — 200 oc/1 
renews G» content - 160 «/I 

250 Tjyi 

csrdkc output - ^ _ 16Q - -jg- - 5 l/mln. 

To minimise variations due to different body sixes, it Is often useful to 
calculate the so-called cardiac index. This is the cardiac output in 
1/min/sqm body surf ace area. 

Whenever it is felt that the cardiac output may be rapidly changing, 
sampling of blood and of expired air should be dono simultaneously. 
We believe that when dealing with relatively stable states, however, 
sampling in rapid succession has certain advantages. The venous sample 
is obtained first because it disturbs the patient least. This is followed 
rapidly by the arterial sample and finally by the oxygen consumption 
measurement. The last is most likely to disturb the patient, and if this 
does occur only one value rather than two or three will be distorted. 

f) Catheter nmoraL — On completion of the procedure aal removal of the 
catheter the two iflk tim around the rein are abo taken out. The «Hn {j doaed 
with two fine *Hk niton*, mad any bleeding controlled by a pressure bandag e, 
The sutures are removed aeveral days later, and in moat Instance* the vein 
will be recanalixed in a few week*. 

Critique. direct Fiek principle applies in nearly all station* . It 
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operator liable to error because of inadequate mixing of the venous blood 
(13). An additional source of error is entrance of the catheter into the 
coronary sinus. Blood from this vessel has an extremely low oxygen con- 
tent and is, of course, not representative of mixed venous blood (1). 

c) Blood tamplcs . — -With the catheter in place, sampling of the blood 
can be carried out. The alow drip of sal in o is turned off and several 
mi llil i ters of blood withdrawn and discarded to flush out the saline solu- 



tion in the catheter system. Pure blood samples are then withdrawn into 
a syringe under oil or over mercury and transferred to suitable con- 
tainers under oil or over mercury. 

Arterial blood is obtained by direct puncture. We usually nee the 
femoral artery just distal to the inguinal ligament. The akin area and 
eubcutaneoua tissue around the site of puncture are anesthetized with 
procaine. A special needle* has proved most satisfactory. Continuation 
of the needle tubing through the hub prevents contamination of samples 
by clotted blood contained in the hub. The needle is inserted with its 
sharp open-bore stilet in place. When the artery is entered a small drop 


I Coormrui n#odl*, m*d* by B*ctoo-Dlckin*oQ A Co., BnUurfoftJ, N. J. 
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twure greater safety to the eatheterixation technique; (3) to discuss errors in- 
herent in determination of cardiac output by the direct Kick procedure. 

To aawre safety it is essential that (a) ail displacements of the catheter tip 
in the right heart be performed under direct fluoroscopic control; buckles of the 
catheter u it progresses In the venous system and loops should be avoided. 
'(b) Displacement of the catheter tip from the rigid auricle to the right ventricle 
and between the pulmonary artery and the outflow track of the right ventricle 
should always be done under continuous electrocardiographic control. Pre- 
mature contractions are often observed sa the catheter tip rooms through the 
tricuspid ring or in the outflow track of the right ventricle. If premature eon- 
tractions persist, the catheter should bo displaced without delay and withdrawn 
eventually to the right auricle. It is often observed that, during sampling of 
blood from the right ventricle, ectopic beat* occur If blood doee Dot flow freely 
tinder slight Mgative preswure in tlie *yi Inge. Therefore the catheter tip should 
always be located in a position tin t allow* free anti easy sampling. Ectopic 
beats are more apt to occur in cardiac potiente, and in a few instances very 
short ran* of ventricular taclrycardin have been observed. Therefore In these 
patients it is better to play safe by withdrawing sample* from the right auricle 
if the catheter in the right ventricle causes ectopic boats. It is recommended, in 
addition, tlmt the pulse rate be checked frequently and the catheter be with- 
drawn If it Increases significantly. In summary, as long as the catheter k in Utc 
aurido, disturbances of rhythm aie most unusual. With the development of 
right ventricular or pulmonary artery cathoterisatioo, potential dangers have 
certainly increased, therefore the ooccewty for greater precautions. 

As to accuracy of the method, there is no doubt that sampling from the 
pulmonary artery and outflow track of the tight ventricle in subjects without 
cardiac shunts pxta greater assurance that the sample » representative of 
earn pie teiy mixed venous blood. However, right auricular blood sample trill 
check within 0.2 vul per cent with the pulmonary artery sample in 76 per cent of 
oases. With regard to constancy of results, it has been our experience that, 
provided proper care is taken in the handling of the porieot, large variations in 
blood flow over a long period may be minimised in the resting state. Sum- 
marising recent work in this laboratory, lore Werko (The Influence of positive 
pressure breathing on circulation in man, Acta med. Scnndinav., supp., 1947) 
stated that In repeated determinations of cardiac output in 29 subjects, with an 
interval of at least one hour between determinations, the cardiac output figure* 
checked within S per eent in eight cases and within 16 per cent In 28. The total 
error of the Flck method seldom exceed* 16 per cent — a figure obtained by sum- 
mation of the te chn i c al error* in blood-gas analysis and in determination of oxy- 
gen consumption and of le» tangible factors. 

Finally, the details of the procedure are explained to the patients, and in 
adhering to this policy good co-operation U usually secured and no cause for 
anxiety created. 


Comment ky Harold D. Grttn 

For data on cardiac output in the dog obtained with the catheterisation tech- 
nique, ace Shot, R.; Ildt, J. P., and Knoefel, P. K.: Determination of carefiac 
output tn the dog by the Flck procedure. Am. J. Physiol. 148: 700-714, 1W6. 
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ia not valid In the presence of certain congenital heart lesions gnch as 
atrial septal defect, in which mixing of right and left heart blood occurs. 
Aside from those rare anomalies the principle appears to be valid, but 
there ore soveral sources of error. The adequacy of the mixing of venous 
blood in the atrium has already been discussed. Blood from the ventricle 
and particularly the proximal pulmonary artery appears to be more 
representative of mixed venous blood. All oxygen measurements, both 
blood and gas analyses, are subject to some error. The net result of these 
small errors and the error in mixing may create a quite large final error in 
the cardiac output determination. This problem has been discussed in 
greater detail elsewhere (3, 13). 

Comment by Andri F. Coumand 

The technique used In the Card! o- Pulmonary laboratory of the Chest Serv- 
ice at Bellevue Hospital corresponds in general to that described in the pre- 
ceding pages. Minor differences in details are listed here : 

1. Since better records of blood pressure are obtained with no. 6 and 7 
cathetere than with no. 8 and 9 nixes, the latter sixes have been discarded. No 
difference in eaae of sampling has been noted. 

2. In choosing a vein for introduction of the catheter in the venous system, 
it is important to maintain continuous venous flow around the catheter once It fa 
introduced in the braohlal venous system. Therefore the ideal site of intro- 
duction is below the confluence of the median baaflio vein with the other branches 
running medially to it in the forearm. 

8. For exposure of the vein a very small incision is made in the line of the 
vein, not transvereo to its diameter. As a result no suture is required wbm the 
procedure is over. 

4. The two silk ties paased around the exposed vein are always removed 
after the catheter has been withdrawn. 

C. After removal of the catheter, care should be taken to avoid stasis in the 
brachial vein whloh may follow tight bandaging. TTie patient fa urged to move 
his arm to restore adequate venous flow. This fa especially important in patients 
with cardiac decompensation and polycythemia. 

6. The arterial samples are drawn from an indwelling needle placed in the 
braohlal rather than the femoral artery. 

7. The syringes used for blood sampling are prepared in the following 
manner. The plungers are greased lightly; several drops of a heparin solution 
(400 mg of NaF added to 8 ml of Iiquaemin [Roche-0 rganon] and 8 ml of dis- 
tilled water) and a small drop of mercury are introduced in the syringe, and 
with the syringe in the upright position the plunger fa advanced completely. 
In way all air fa displaced from the syringe and the solution re m ai ning in the 
tip serves as an anticoagulant. Mixing fa facilitated by the droplet of mercury. 

8. After blood samples are drawn, the syringes are plugged with round tooth- 
picks and rotated slowly to prevent settling of eells. Blood fa transferred 
directly under pressure from the syringe* to 1 ml Ostwald-Van Hyke pipeta by 
means of a 20 gauge needle Inserted in the tip- of the plpet. A small piece of 
rubber pierced by the needle, makes an air-tight seal during the transfer. 

The following remarks are intended (1) to emphasfae ee*ntial precautions to 
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Theoretically such a device has long been a possibility, based on a 
combination of a d-c type electronic amplifier with either an i mutation 
chamber or a photoelectric cell and fluorescent screen. But both of these 
sources necessitate extremely high-gain d-c amplifiers that are notori- 
ously unstable. Early attempts demonstrated the feasibility of roentgen 
eketrokymography, but until recently a practical instrument was not 
forthcoming. 

First practical application came with reports of successful use of the 
multiplier phototubo (R.CA. no. 031-A and similar types) (10) in 
measurement of x-ray intensity' in the efferent rocntgenogrophic beam 
(exposure meter (7)) and in the automatic termination of the roentgmo 
jjraphic exposure (phototimer (8, 9)). In 1944 Henny, Boone and Cham- 
berlain, following a direct suggestion by R. H. Morgan, produced a 



Fro. 1- — Efeo tr t A y r aojnaph applied to heart shadow border. 1, x-ray tube of oon- 
Witkmal fiooroaeope; t, •butter blade* of fluoroaeope; 8, eroaMeetkm of heart in 
diastole; i, era — >ecUoo of heart in systole; 6, aperture, metallic lend; 6, smsQ piece 
of fluorescent earen ; PT, 631-A (orl P 21) multiplier phototube; 7, pbotosemltiTe 
cathode of phototube; 8, eoPoct or eleetroae (sooae) of phototube; 9, “filter" {see 
text) ; 10, ofectatjosrdroxmph, used ss recording gnlnuiotnrtor; FS, flooroseope screen , 
used far centering pWt-up (5, C, PT) over selected pert of heart shadow. 


practical device based on a combination of the 031-A phototubo, a bit 
of typo B Patterson fluoroscopic screen ami a recording galvanometer 
( 2 , 6 , 0 ). 

APPARATUS 

The apparatus consists essentially of the clinical Suoroecope, multiplier 
phototube with its power supply, a bit of fluorescent screen cloaefy 
applied over the window of the phototube, a filter circuit for attenuation 
of the alternating current ripple in the fluoroscopic x-ray beam, the re- 
cording galvanometer (any satisfactory electrocardiograph) and means 
for recording simultaneously, as a time-reference curve, an arterial pulse 
tracing, a heart sound oscillogram or an electrocardiogram (Figs. 1 and 2). 

Any clinical fiwx-oncopt. may be ueod, but one with a full-wave, 4- valve 
tube-rectified power supply and cable-connected shockproof x-ray tube 
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VI. Roentgen Electrokymograph* 

M . J. OPPENHEIMER end W. EDWARD CHAMBERLAIN, Tempi* U*i**rri& 


The chief use for the roentgen electrokymograph is in production of 
graphic records of shadow border motion and density changes in a 
fluoroscopic image. As the heart and great vessels go through their 
systolic-diastolic cycle, two types of associated change take place in the 
fluoroscopic shadow image: (a) motion of shadow borders (e^., left 
border of ventricular shadow moves dextrad during systole, sinistrad 
daring diastole) ; (6) intensity change, owing to tho fact that x-ray trans- 
mission through the pulsating organ is decreased while the part is full, 
increased while it is contracted (dorso ventral thickne® decreased). With 
the electrokymograph these changes In the fluoroscopic shadow image 
are converted into variations In an olectrio current and recorded by any 
suitable recording galvanometer. 


» Dwraioproeot of th» roent**n •Iwstrokymotrepli and 

ftndn»rtfri pbr«toio*T h»* b*« ft eo-op*T»tlrft «nt*rpri**of tb«H* ftrt Dlmit Con- 
Srtlon, U.B. PobaTH^th SerrUft ftod tb* D^ftrtmftMft of Fhyticiocr (R«eftrtb 
Or»ntm7!NXJL). IUdioiou »ad Mftdioftl Phyrit*. 
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Theoretically such a device has long been a possibility, baaed on a 
combination of n d-c type electronic amplifier with either on ionisation 
c ham ber or a photoelectric cell and fluorescent screen. But both of these 
sources necessitate extremely high-gain d-c amplifiers that are notori- 
ously unstable. Early attempts demonstrated the feasibility of roentgen 
electrokymography, but until recently a practical instrument was not 
forthcoming. 

First practical application came with reports of successful use of the 
multiplier phototube (R.CA. no. 931-A and similar types) (10) in 
measurement of x-ray intensity in the efferent roentgen ographio beam 
(exposure meter (7)) and in the automatic termination of the roentgeno- 
fjraphio erposure (phototimer (8, 9)). In 1944 ETenny, Boone and Cham- 
berlain, following a direct suggestion by R. H. Morgan, produced a 



Fio. 1. — Electro kymograph applied to heart thadow border. 1, x-ray tab© of con- 
Tentkma! flaoroaoope ; #, (hatter blade* of flooroaoope; S, croaa-aectioo of heart in 
dinrtole; 4, oro»-aeetkin of heart in irwtole; 5, spertme, metallic lead; 8, (mail piece 
of flooteacait acrw® ; PT, U31-A (or 1 P 81) multiplier phototube; 7, pturtoeeraitive 
cathode of phototube; 5, collector electrode (anode) of phototube; 0, "filter" (are 
text)* ft), electrocardiograph, uaed aa recording galvanometer; PS, flooroacope acreon, 
□aed for centering pick-up (6, 8, PT) over (elected part of heart anadow. 


practical devico based on a combination of the 931-A phototube, a bit 
of type B Patterson fluoroscopic screen and a recording galvanometer 
(2,5,6). 

APPARATUS 

The apparatus consists essentially of the clinical fluoreecope, multiplier 
phototube with its power supply, a bit of fluorescent screen closely 
applied over the window of the phototube, a filter circuit for attenuation 
of the alternating current ripple in the fluoroscopic x-ray beam, the re- 
cording galvanometer (any satisfactory electrocardiograph) and means 
for recording simultaneously, as a time-reference curve, an arterial pulse 
tracing, a heart sound oscillogram or an electrocardiogram (Figs. 1 and 2). 

Any clinical jSuoroscope may be used, but one with a full-wave, 4-valve 
tube-rectified power supply and cable-connected shockproof x-ray tube 
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has distinct advantages (see later discussion of design of filter). Current 
and voltage Bettings ordinarily used for clinical fluoroscopy, o.g., 3 ina at 
85 kv peak, are entirely adequate. • 

The R-CA. no. 031-A multiplier phololubt (Jigs. 1-3) consists of a 
photoelectric surface and nine stages of electron multiplication. Electrons 
emitted by tho cathode (photoelectric surface) as a result of bombard- 



Fia. 2. — EJectrokymofpmph with pick-up mounted at center of fluoroacoplc aureen. 
I, carrying caao containing pow e r pack, filter, eta: S, ptek-up bousing which endow* 
multiplier phototube, metallio lead diaphragm with 6 X 20 nun apertur e (ris ible in 
photograph), small piece of fluorescent screen and redstanee divider network (HJ- 
RlO in Fig. 3) ; S, pulley for belt drive which permits operator to rotate p4ek-ap with- 
out approaching x-ray beam; 4, arm, of plrwood or plastic; 6, eJectroeardfograph 
(recording gal va do mo ter) ; 6, cup of carotid pulso neckpiece; 7, robber tubing for 
conducting pulao ware to recorder. 


meat by photons are accelerated toward the first dynodo by a potential 
diff erence of approximately 100 v. For each electron which thus bom- 
bartls the first dynodo (cnorgy, 100 electron wits), several electrons are 
emitted anti accelerated toward tho second dynode where the process of 
electron multiplication is duplicated. There are nine of these dynodes, 
and the current finally registered at tho collector electrode is the original 
photoelectrio emission multiplied by the ninth power of tho electron 
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multiplication factor. The power supply may be any source of constant 
potential of approximately 1000 r. A satisfactory circuit is shown in 
Figure 8. The resistance network voltage-di vidor (JR1 -RIO) assigns the 
correct potential difference to consecutive dynodcs ; it is small and easily 
accommodated in tho phototubo housing. 

The bit of fiuoretcmtt screen closoly applied over tho window of the 
pbototubo must bo practically free from lag, for obvious reasons. Green- 
fluoresdng Patterson type B screen w eminently satisfactory. Wo have 
also used an experimental Patterson screen, no. Q 20-774 C, which emits 
light of a color particularly suited to the «i>crtml response of the 931-A 
phototubo. 

X-ray sources of clinical fluoroscopy are customarily of two types: (1) 
half -wave, usually self-rectified, meaning tlint the high voltage trans- 
former output Is connected directly to the terminals of tho x-ray tube, 
which acts an its own rectifier since it will pass current in only one 
direction; (2) full- wave, meaning that tho high voltage transformer 
output passes through a 4-vulvc rectifier on its way to tho x-rmy tubo. 
Commercially available alternating current is usually of 00 o frequency. 
Thus the fluoroscopic x-ray beam is composed of pulses, 00/sec for the 
half-wave circuit, 120/sCc for full-wav® rectification. Because of this 
ripple in output of the x-ray tubo, a highly selective “filter” must bo 
interposed between phototube and galvanometer. Without such a filter 
the tracings would 1« blurred, since the galvanometer would follow the 
rapid fluctuations in x-ray output. 

The fitter must bo sufficiently selective to remove undesirable fluctua- 
tions without destroying tlm fidelity of tho clcotrokyinographic record. 
This U easier to accomplish in tlw full-wave rectified, cable-connected, 
shockproof fluoroecopc (!20 puleow/rar) tliau in tho self-rectified type (60 
pulaes/sec) for two reasons. ( a ) At customary current sot tings, of the order 
of 3 ma, capacitance of the insulatod and shielded cables that conduct 
tho high voltages current from transformer to x-ray tubo minimixes un- 
desirable fluctuations in x-ray output by suppressing a high percentage of 
voltage fluctuation at the tubo terminals. (6) The e&rd'vodynaroic phe- 
nomena being recorded oxhibit frequencies of the order of 1-25 c/sec. 
To record these phenomena with completo fidelity, tho filter must give 
*ero tranaraboion at the unwanted frequency of the ripple in the x-ray 
beam and no selective absorption at tho frequencies of the physiologic 
processes. It is easier to achieve this for a 120 pulse ripple than for a 00 
pulse ripple since the latter is much cloeer to the maximal frequencies 
that may bo encountered In these physical processes. 

Any satisfactory electrocardiograph may be used es the recording gal- 
vanometer. We hare had much satisfaction from the type that utilice an 
Bin thoven string galvanometer (SLmplitrol, Cambridge Instrument Com- 
ity), but the typo which uses a mirror and light beam gnlvanamoter of 
tho d’Arsonvnl type, fed from a power amplifier (e.g., the 8enborn 
Cardie We), is equally adaptable. To somo extent the types are inter- 
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changeable, since it is simple to substitute one for the other in any of 
the circuits we have worked with. One major difference should be noted. 
With the Cambridge device, sphygmograma arc obtained with a tambour 
and pointer. With the Sanborn, a high sensitivity galvanometer channel 



120 CYCLE FILTEfi 60 CYCLE FILTFT7 

Fia. 3. — Wiring dlmgrmjn of electro kymoerxphle power p*ck (1000 r source), ptok-op 
*nd two type* of filter. (Specification* given m text.) 

(In addition to the one used for the electrokymogram) la required for the 

The circuit for electrokymography when the recording galvanometer la 
a Cambridge Simplitrol ia shown in Figure 3. The specification* ore ns 
follows for operation from an a-c source of 110-120 v: # — power control 
switch. CVT ~ Sola constant voltage (stnbDixer) tranaformer, 301,003, 
15 w. TH-1 “ SNC (SNC Manufacturing Company, Glenview, IIL) 
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4 p 222 dual filament, 2.6 v transformer. TR-9 — 9NC 8 P 180 power 
transformer, 326-0-325 y. LI - 0 v pilot lamp (low candle power). 
Lt — GE */< w, 125 v neon lamp. T-l and T-8 * 2 X2 (879) rectifier 
tubes. R£l — 0J2 megohm, 2 w resistor. R£B — 0.1 megohm, 2 w resistor. 
R£S — 2 w potentiometer of approximately 1.7 megohm, adjusted to give 
output of 1000 v to phototube network, (R9S should not beoftheknoband 
dial typo, which invites frequent readjustment; tbe typo adjusted by 
moving a contact band to a fixed position ia preferred.) R&4 “ 160,000 
ohms, 2 w. Cl 1 and Clt — 1 microfarad, 1000 v, and CIS — 2 microfarad, 
1500 v condensers. MPT «= no. 931-A (or 1 P 21) multiplier phototube. 
R1-R9 — 0.1 megohm, x /% w resistors. R10 60,000 ohms, V* w. 

RU — 1 megohm, x / a w. 5/£ «=> 10,000 ohm potentiometer (carbon), 
linear taper. (7/ — 2 microfarad paper condenser. 

The filters are the “parallebT” type. Formulae for sere transmis- 
sion at stipulated frequencies aro given in Radio Enginerrt’ Handbook.] 
R1S and R15 ■=* 10,000 ohms, ’/* w. RU — 20,000 ohm potentiometer 
(carbon), linear taper. CB and CS — 0.05 microfarad paper condensers. 
C4 - 0.18 microfarad paper. RIG — 17,600 ohms, */< w. 5/7 and 5/5 — 
100,000 ohm potentiometers (carbon), linear taper. R19 and RtO — 7000 
ohms, */« w. C5, (75, C7 and (75-0.1 microfarad, 400 v paper condens- 
ers. (75 and CIO - 0.06 microfarad, 400 v paper condensers. 

Various modifications of tbe circuit and specifications will occur to 
anyone familiar with electronic amplifiers and phototubes. For example, 
in some applications the interposition of one stage of vacuum tube ampli- 
fication immediately before the string galvanometer might prove ad- 
vantageous. B. R. Boone is investigating variations in the arrangement 
for coupling tho phototube output with tho galvanometer (or amplifier). 

The blocking condenser (Cl) is essential. Without it the galvanometer 
would record the d-c component of the signal instead of only the sig- 
nificant fluctuations. But the resistances, Rll and Rif, must havo correct 
values for the required time constant. If this time constant is too long, 
valuable time will be loet at the beginning of each record because sup- 
pression of the d-c component of the signal will take place too slowly; 
if it is too short, fidelity will be lost (o-g., borixontal segments in the 
electrokymogram will be reproduced sa slopes toward tho base tine). 
The values given for Cl (2 microfarads), Rll (1 megohm) and RIB (10,000 
ohm potentiometer) have proved satisfactory in many applications. 
However, Boone has found apparent advantages in quite different values. 
Cl may be given a value of 10 microfarads, in which case a paper con- 
denser becomes inconveniently bulky and an electrolytic oondenser may 

be substituted ; one of 10 microfarad capacitance may boused. It should 

be connected with its negative polo toward Rll, positive toward Rig. 
The value of Rll must now be changed, and a variable element is sug- 

pp! (N*w York: WeGr*ir-Hm Book Comply. IMS), 
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changeable, since it is simple to substitute one for the other in any of 
the circuits we have worked with. One major difference should be noted. 
With the Cambridge device, sphygmograms are obtained with a tambour 
and pointer. With the Sanborn, a high sensitivity galvanometer channel 



(in addition to the one used for the electrokymogram) is required for the 
sphygmogram. . 

The circuit for electrokymography when the recording galvanometer is 
a Cambridge Simplitrol ia ah own in Figure 3. The specifications arc aa 
follows for operation from an a-c source of 110-120 v: a — power control 
switch CVT — Sola constant voltage (stabllirer) transformer, 301,003, 
15 w. TR-i - SNC (SNC Manufacturing Company, Glenview, 111.) 
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aorta, pulmonary artery, verm cava, in various angles of projection. 
Records of thickness change arc readily obtainable by alinin g the 
aperture of the pick-up with an appropriate shadow area, instead of with 
the shadow border (Jig. 5). Applications in the field of cardiovascular 
physiology ore obvious. Tho method also is applicable in the clinical field. 
It has been used to study asynchronism of ejection of the ventricles in 
normal subjects and patients with bundle-branch block (1, 3, 4). It will 



— Flooroacopic w xee m image •bowing three of many powible podthnw for 
•iscwokriniwrEpiiic apertar*. Two are placed for ahadow border motion (sortie 
«ot» mad left Tentride). The other ia placed to record thicknea* change*, bat li too 
tt® 31 * Rood tracing of left Tentride; in podtian thown h woald roorrrd the oompo- 

aoHrfV** “k*®*"* r - h * Dgw of left TentrkJe, oatflow tract of right rentrlele and left 

probably prove of value in study of myocardial infarction. Its place in 
the itndy of other types of cardiovascular abnormality is still uncertain. 

'^ OTI ' *001100 wee reviewed by Russell £L Morgan. 
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gested, to permit operation at various values between 50,000 and 100,000 
ohms. 

For identification of the various phases of heart action we used simul- 
taneously recorded heart sounds, electrocardiograms and carotid pulse 
tracings. Figure 4 shows all three, with simultaneous electrokymograms 
at two points on the left border of the left ventricle. For such pdybeam 
records wo use double-width (12 cm) paper in a special camera, with 
three Cambridge Simplitrol string galvanometers, a Cambridge stet bo- 
graph for recording heart sounds and our own model of carotid-pulse re- 



Fia. 4, — Electro kymojp-am* of two different portion* 'of left Tectrieulsr »b»dow 
border, with «imul tinooot] y recorded carotid pulse, electrocardiogram and heart 
sound oscillogram. 

carder, mounted in the lens tube of one of the Simplitrol galvanometer 
units. 

Such polybeam records are highly informative, although valid and 
useful results are obtainable with more conventional equipment. When 
one is limited to a single galvanometer track plus the carotid pulse record 
(with or without a stethogmm), tho elect rokymogrnphic pick-up (Fig. 2, 
f?) is moved about until tracings of all desired heart c ham ben and great 
vessels have been obtained. Timo relationships of these several elect ro- 
tymograma to each other are then established indirectly, by reference to 
the simultaneously recorded sphygmograms. 

Critique . — Excellent and informative electrokymograms may Iw ob- 
tained from shadow border motion of the several cardiac chambers, 
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HAROLD D. OREBN 


L Vasomotor Tone 

E8TIUA.TBB op chanoe of vasomotor tone are of primo importance for in- 
vestigative studies since tbcy are the basis for the detection of reflexly 
induced alterations in vasomotor nerve activity, appearance of cir- 
culating vasodepressor or vasodilator substances, effectiveness of tissue 
extracts and the analysis of the action of various synthetically produced 
substances. These may conceivably alter the tone of tho arteries, ar- 
terioles, capillaries, venules and veins. 

In a system in which flow is occurring the drop in pressure per unit 
length of vessel is a measure of resistance to flow in this vessel. In the 
smallest caliber arteries in which a cannula made of capillary glass tubing 
could be inserted, Lo., the distributing arteries in the mesentery as they 
begin to encircle tho gut, we found mean pressure to be not more than a 
few mm Hg leas than that in the aorta (11). In view of this, most of the 
resistance and therefore most of the changes in caliber of the vessels 
which can affect peripheral resistance must be in vessels with internal 
diameters leas than 1 mm. On the ot^er hand, intracapillary pressure 
appears to be of the order of 15-30 mm Hg (60, 06). For this reason 
measurements of change of blood flow with retpoct to the supplying ar- 
terial bead of pl e a s ure or the arteriovenous difference of pressure 
probably estimate principally the activity of the vessels of diameters 
■nailer than 1 mm which are proximal to the capillaries, Le., peripheral 
vasomotor tone. 

Although changes In capillary and venous tone may have some in- 
fluence on the flow through the arterioles by raising or lowering intra- 
capillary pressure, they are probably more important in influencing 
peripheral storage of blood and therefore the quantity available for dis- 
tention of the central venous reservoir. Changes in flow are also duo to 
variations in extra vascular pressure (27, 83, 86, 37, 74) and to alterations 
in blood viscosity. Few quantitative data are available regarding tho in- 
fluence of the latter in physiologic systems (19, 26, 64, 73). 
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L Vasomotor Tone 

EffriUATEA or change of vasomotor tone are of primo importance for in- 
vestigative studies since they ore the basis for the detection of reflexly 
induced alterations in vasomotor nerve activity, appearance of cir- 
culating vasodepressor or vasodilator substances, effectiveness of tissue 
extracts and the analysis of the action of various synthetically produced 
substances. These may conceivably alter the tone of the arteries, ar- 
terioles, capillaries, venules and veins. 

In a system in which flow is occurring tho drop in pressure per unit 
length of vessel is a measure of resistance to flow in this vessel. In the 
smallest caliber arteries in which a cannula made of capillary glass tubing 
could be inserted, he., tho distributing arteries in the mesentery as they 
begin to encircle the gut, we found mean pressure to be not more than a 
few mm Hg less tWi that in the aorta (11). In view of this, most of the 
resistance and therefore most of the changes in caliber of the vessels 
which can affect peripheral resistance must be in vessels with internal 
diameters leas than 1 mm. On the other hand, intracapillary pressure 
appears to be of the order of 15-30 mm Hg (50, 06). For this reason 
measurements of change of blood flow with respect to the supplying ar- 
terial head of pressure or the arteriovenous difference of pressure 
probably fsthnate principally the activity of the vessels of diameters 
imallar than 1 mm which are proximal to the capillaries, Le., peripheral 
vasomotor tone. 

Although changes in capillary and venous tone may have some in- 
fluence on the flow through the arterioles by raising or lowering intra- 
capillary pressure, they are probably more important in influencing 
peripheral storage of blood and therefore the quantity available for dis- 
tention of the central venous reservoir. Changes in flow are also duo to 
variation* in extra vascular pressure (27, 33, 35, 37, 74) and to alterations 
in blood viscosity. Few quantitative data are available regarding the in- 
fluence of the latter in physiologic system* (19, 26, 64, 73). 
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I. Vasomotor Tone 

Estimates ot otlanok of vasomotor tone are of prime importance for in- 
vestigative studios since they axe the basis for the detection of reflariy 
induced alterations in vasomotor nerve activity, appearance of cir- 
oulating vasodepressor or vasodilator substances, effectiveness of tissue 
extracts and tho analysis of the action of various synthetically produced 
substances. These may conceivably alter the tone of the arteries, ar- 
terioles, capillaries, venules and veins. 

In a system In which flow is occurring the drop in pressure per unit 
length of vessel is a measure of resistance to flow in this vessel. In the 
smallest caliber arteries in which a cannul a made of capillary glass tubing 
could be inserted, Le., the distributing arteries In the mesentery as they 
begin to encircle the gut, we found mean pressure to be not more than a 
few mm Hg leas than that in the aorta (11). In view of this, most of the 
resistance and therefore most of the changes in caliber of the vessels 
which can affect peripheral resistance must be in vessels with internal 
diameters less than 1 mm. On the otjier hand, in trncap illary pressure 
appears to be of the order of 16-30 mm Hg (60, 66). For this reason 
measurements of change of blood flow with respect to the supplying ar- 
terial head of pressure or the arteriovenous difference of pressure 
probably estimate principally the activity of the vessels of diameters 
smaller than 1 mm which are pr oxim al to the capillaries, Le., peripheral 
vasomotor tone. 

Although changes in capillary and venous tone may have some in- 
fluence on the flow through the arterioles by raising or lowering intra- 
capillary pressure, they are probably more important in influencing 
peripheral storage of blood and therefore the quantity available for dis- 
tention of the central venous reservoir. Changes in flow are also doe to 
variations in extra vascular pressure (27, 33, 36, 37, 74) and to alterations 
in blood viscosity. Few quantitative data are available regarding the in- 
fluence of the latter in physiologic systems (10, 26, 64, 73). 
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particular disturbance of homeostasis leads simultaneously to decreased 
cardiac output and increased peripheral resistance, the change in 
peripheral vasomotor tone may be completely masked. An example was 
seen in studying the vascular responses to stimulation of the motor cor- 
tex. Under a barbiturate anesthetic no change in mean arterial occurred, 
although marked increase in limb volume duo to peripheral vasodilata- 
tion xn a recorded. Under ether anesthesia a rise in arterial pressure 
occurred, which suggested vasoconstriction, although again an incrraBe 
in limb volume, suggestive of peripheral vneodilatation, was observed in 
the hindextremity (29, 40). 

More suitable is simultaneous measurement of arterial pressure and 
cardiac output. Under these conditions a change in cardiac output un- 
accompanied by an alteration in arterial pressure or, vies versa, an altera- 
tion lu arterial pressure without change in cardiac output is readily inter- 
pretable as indicating a modification of total peripheral resistance caused, 
if viscosity is unchanged, by an alteration in vascular tons. However, not 
infrequently both output Mid resistance change and interpretation then 
becomes difficult. Under these conditions it is commonly assumed, if 
cardiac output and arterial pressure vary proportionately and viscosity 
has not changed, that no alteration in vasomotor tone occurred. How- 
ever, ho experimental data are available to indicate what alteration in 
total peripheral Wood flow (cardiac output) would be expected to be 
associated with a given change in level of arterial pressure in the abecnee 
of change of vasomotor tone. Lacking such information it is probahly 
better to indicate that peripheral resistance, defined as the ratio of 
arterial pressure to blood flow (see footnote *) has changed. Interpre- 
tation regarding change of vasomotor tone may be deferred until in- 
formation on the anticipated alteration in peripheral resistance accom- 
panying the recorded ahift in mean arterial pressure in the absence of 
change in vasomotor tone becomes available. 

Measurement of blood flow in isolated regions while they are perfused 
from the aorta has been used to interpret reflex and humoral response* to 
disturbance of homeostasis. Measurement of flow while the region is per- 
fused from the animal's own circulation allows interpretation of both 
human} and nervous mechanisms but is complicated, as already indi- 
cated, by difficulties in interpretation if both blood flow and levo! of the 
arterial pressure change. The significance of this has been Indicated in 
eeveral reports. For instance, in skin and muscle peripheral resistance in- 
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n. Total Vasomotor Tone 

By producing maxima] relaxation of tho vessels controlling flow, total 
vasomotor tono may be estimated. In the case of skeletal and cardiac 
muscle this may be accomplished (a) by inducing maximal metabolic 
activity (18, 28, 31), (b) by a period of ischemia (18, 28, 31), (c) by intra- 
arterial injection of sodium cyanide (31) or ( d) by reduction of blood 
O3 content (18, 28, 31). Those technique* are of little use in the case of 
akin and may lead to decreased blood flow in the kidneys (60-62). 
Flow in skin (2, 21), musclo (2, 43) and kidney (43) is increased by local 
warming and by eating, particularly of high proton foods (66), and re- 
duced by local cooling (66). 

m. Neurogenic Vasomotor Tone 

Tho methods most commonly used to interrupt the train of vasomotor 
nerve impulses and thus to determine from tho resulting change in blood 
flow tho tonic activity of tho vnsomotor nerve* are: (a) peripheral nerve 
block by cooling, nervo section or injection of a suitable anesthetic (2, 32, 
33, 67, 60) ; (6) higher block at tho sympathetic ganglia or spinal cord, 
usually by injection of procaino (2, 68); (c) body warming or general 
anesthesia to induce maximal vasodilatation in the akin (2, 4, 6, 21, 32, 
69); ( d) intravenous injection of pyrogenic substances to produce 
maxima l vaso<lilatation in skin and apparently also in kidney (26), and 
(«) intravenous or intramuscular injection of totraothylammaniuin 
chloride (etamoh) to produco block of all autonomic ganglia (7, 12a, 16, 
41, 49, 62) or one of the sympatholytio agents, 2-bensyl-4,6-iinida*oline 
HC1 (priscol) or N.N-dibonsyl-^chlorocthyiamino (dibenamine) (1, 80, 
36, 62, 68, 71, 70). In our hands etamon appears to be loss effective than 
body warming in producing cutaneous vasodilatation. In fact cooling 
(presumably owing to cutaneous vasoconstriction) has occasionally 
followed an injoction of etamon (30). Cooling, epinephrine and smoking 
have been used to induce vasoconstriction (07, 78). 

IV. Reflex and Humoral Responses to Disturbances 
of Homeostasis 

Registration of arterial pressure, either mean or systolic and diastolic, 
is moat commonly used. Unfortunately, in such conditions alterations in 
arterial pressure result from changes in cardiac output and total periph- 
eral resistance;* and the latter may be dne to alterations of blood 
viscosity and extra vascular pressure as well ns to vnsomotor tone. If the 
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fer to use the unanegthetixed animal (24) (see p. 252); others prefer 
anesthetixed or even pithed animals (20, 39, 64, 65, 69). In our experience 
these methods have two distinct disadvantages . Frequently the given 
preparation, say a vasodilator drug, causes peripheral vasodilatation 
and simultaneous increase in cardiac output. As a result the change in 
mean arterial pressure is minimised and may actually be completely 
masked. Furthermore, the magnitude of the response altera frequently 
throughout an experiment, presumably owing to variations in depth of 
the anesthesia and to alterations in the intrinsic vasomotor tone ac- 
companying spontaneous fluctuations in cardiac output and mean 
arterial pressure. Also, the quantity of the substance needed is often con- 
siderable. The method has been most oommonly used in bioaasay of the 
humoral substances associated with renal hypertension, and for this 
purpose nephrectomixed animals have often been employed (10, 39, 66, 
72). The apparent success in this condition may be due to a minimal 
effect of the hypertensive substances on cardiac output (61). Depressor 
materials which we have been studying have not had this fortuitous 
property (34). 

To obviate the foregoing disadvantages numerous perfusion tech- 
niques have been employed. Among these are perfusion of the ear (p. 
123), perfusion of the hindlegs of the frog (p. 129), microscopic observa- 
tion of capillaries in the mesentery (p. 131) (47) and ear (p. 139), per- 
fusion of the isolated beating heart (3, 14) and registration of the con- 
traction of isolated rings of the blood vessels and perfusion of isolated 
extremities (9, 23). 

To avoid the complications associated with use of blood, saline solu- 
tions have been employed, particularly in the isolated heart and in the 
frog preparation. It is our impression that, although these may be suit- 
able for study of vasoconstrictor agents, solutions of low oxygen content 
probably lead to maximal vasodilatation and render the preparations 
less suitable for study of vasodilator substances. For the latter we believe 
blood perfusion is essential and prefer to use a preparation (soe Fig. 3, 
p. 122) in which the animal serves as the perfusion system and the 
tissue, if possible, retains its normal innervation so as to possess a normal 
degree of vasomotor tone. Demonstration of adequate vasodilator re- 
sponse in any preparation used should accompany a negative response to 
an unknown substance before the latter should be considered to be lack- 
ing In vasodilator power. In addition it should be remembered that 
pyrogens produced by even a few hours' bacterial growth cause mm-few? 
vasodilator responses in most vascular beds. During study of vasodilator 
substances scrupulous care must be taken to avoid bacterial growth 
during their preparation (23) . 

The use of certain chemical agents may help unmask the activity of 
some preparations. For instance, in our experience, etamon mask ed the 
response 1 o a vasodilator agent which we were studying but accentuated 
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creases with decline in arterial pressure under conditions in which neuro- 
genic and Immorally controlled vasomotor tones are believed to r emai n 
constant (33, 54). In tho lddnoy the reverse is thought to be true by some 
(13, 22, 33) but doubted by others (5). These observations emphasize 
the necessity for knowledge of the anticipated chango in peripheral re- 
sistance which might be due to extraneous factors bofore concluding that 
a given change in resistance Is due to an alteration in vasomotor tone 
induced reflexly or by humoral me chanisms . 

Perfusion of a vascular bed at a constant head of pressure (see p. 119) 
obviates the difficulty and is suitable, therefore, for study of neurogenic 
vasomotor responses but is, of course, less suitable for study of humoral 
mechanisms. Interpretation under these conditions is complicated in the 
presence of concomitant changes in level of the arterial pressure in 
the animal caused by variable exchange of blood between cognate and 
collateral vascular beds unless suitable steps are taken to isolate ade- 
quately the cognate bed (see p. 218). • 

In most regions mean flow registration is satisfactory for interpreta- 
tion of vasomotor activity. Variations in vasomotor activity in the 
cardiac vascular bed cannot be determined accurately from mean flow 
data because the variable effeote of duration of systole and of extra- 
vaaoular compression during systole and the first half of diastole may 
alter mean flow in the absence of change of vasomotor activity and 
minimite or reverse a change due to vasomotor activity. The only safe 
measure is registration of the instantaneous inflow at the moment of on- 
set of isometric contraction (28, 31). This can be accomplished only with 
instantaneous flow meters (see pp. 101 and 108). 

Direct observation of the blood vessels provides interesting data re- 
garding those portions of the vascular bed which participate in the ob- 
served responses (see p. 131). The method suffers from two disadvan- 
tages: (a) it Is poesible to study only relatively thin structures, which 
may not be characteristic of the body as a whole, and (6) rarely has 
microscopic observation been combined with simultaneous observation 
of blood flow or of arterial pressure. Such a combination would con- 
siderably improve the significance of the observations and resulting con- 
clusions. 


V. Bloassay of Tissue Extracts, Drugs and Synthetic 
Substances with Vascular Activity 

The degree of alteration of mean arterial pressure is usually chosen as a 
measure of the vascular effect of a given substance. The activity of the 
unknown is compared with that of a standard quantity of a known sub- 
stance, or various concentrations of the unknown are Injected until a 
response equivalent to that of the known is obtained. Some authors pro- 
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fer to use the unaneethetixed animal (24) (see p. 252); others prefer 
aneethetixed or even pithed animals (20, 39, 64, 65, 69). In our experience 
these methods have two distinct disadvantages. Frequently the given 
preparation, say a vasodilator drug, causes peripheral vasodilatation 
and simultaneous increase in cardiac output. As a result tho change in 
mean arterial pressure is mini mixed and may actually he complotoly 
masked - Furthermore, the magnitude of tho response alters frequently 
thro ugh out an experiment, presumably owing to variations in depth of 
the anesthesia and to alterations in the intrinsic vasomotor tone ac- 
companying spontaneous fluctuations in cardiac output and mean 
arterial pressure. Also, the quantity of the substance needed is often con- 
siderable. The method has been most oommonly used in biooasay of the 
humoral substances associated with renal hypertension, and for this 
purpose nephrectomixed animals have often boon employed (10, 39, 65, 
72). The apparent success in this condition may be due to a m inim al 
effect of the hypertensive substances on cardiac output (61). Depressor 
materials which we have been studying have not had this fortuitous 
property (34). 

To obviate the foregoing disadvantages numerous perfusion tech- 
niques have been an ployed. Among these are perfusion of the ear (p. 
123), perfusion of the hindlegs of the frog (p. 129), microscopic observa- 
tion of capillaries in the mesentery (p. 131) (47) and ear (p. 139), per- 
fusion of the isolated beating heart (3, 14) and registration of the con- 
traction of isolated rings of the blood vessels and perfusion of isolated 
extremities (9, 23). 

• To avoid the complications associated with use of blood, saline solu- 
tions have been employed, particularly in the isolated heart and in the 
frog preparation. It is our impression that, although these may be suit- 
able for study of vasoconstrictor agents, solutions of low oxygen content 
probably lead to maximal vasodilatation and render the preparations 
less suitable for study of vasodilator substances. For the latter we bolieve 
blood perfusion is essential and prefer to use a preparation (see Fig. 3, 
p. 122) in which the animal serves as the perfusion system and the 
tissue, if pcwible, retains its normal innervation so as to possess a normal 
degree of vasomotor tone. Demonstration of adequate vasodilator re- 
sponse in any preparation used should accompany a negative response to 
an unknown substanoe before the latter should be considered to be lack- 
ing in vasodilator power. In addition It should be remembered that 
pyrogens produced by even a few hours’ bacterial growth cause marked 
vasodilator responses in most vascular beds. During study of vasodilator 
substances scrupulous care must be taken to avoid bacterial growth 
during their preparation (23). 

The use of certain chemical agents may help unmask the activity of 
some preparation*. For instance, in our experience, etamon mask ed the 
response \ o a vasodilator agent which we were studying but accentuated 
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the mean arterial pressure response to opinephrine, whereas prised 
abolished the response to epinophrine, i.e.,'the vasopressor response, but 
accentuated the depressor response to our vasodilator substance. In 
other preparations removal of a pressor substance by boiling or by 
dialysis unmasked the presence of a depressor or ■vasodilator material 
(48, 1, 7, 15, 10, 30, 30, 41, 40, 52, 08, 71, 79). 

VL Expression of Unitage of Chemical Substances 

The amount of renin which causes a rise in mean arterial pressure of 30 
mm Hg within 3 min on injection into an unanesthetised dog weighing 
between 10 and 25 kg has boon chosen by Goldblatt as the unit for renin 
(see p. 252 and (24)). However, it is not accepted by all investigators (see 
p.253 and (10, 17, 38, 63)). 

This method of expression for any substanoo can be accepted only 
when it has been demonstrated that injection of unit quantity of the 
substance causes the same response on repeated injections into the same 
animal and the name response in a series of different test preparations on 
successive days. Until such response is demonstrated it ia better to com- 
pare within a short period in the same animal the response to an un- 
known preparation with that to a preparation of known strength. Even 
this proooduro may give unreliable results unless there is reasonable proof 
that the potency of the standard preparation remains satisfactorily 
constant or that tachyphylaxis does not develop. 

Three methods of expression have been used in comparing a standard 
with an unknown substance: (1) the ratio of response to unit volume of 
the unknown to response to a similar volume of the known ; (2) theratioof 
volume of the standard solution to that of the unknown solution which 
gives an equal response; (3) a plot ia made of the doee-response relation- 
ship on single log paper to three different amounts of the standard and to 
three or more injections of the unknown which will produce responses 
overlapping those of the standard. Unitage of the unknown ia then ex- 
pressed in terms of the linear distance between the two plots along the 
dosage axis. This procedure reduces the number of injections necewary 
to obtain an exact match in response and simultaneously allows detection 
of irregularities in the doee-response relationship which might be due to 
presence of two oppositely acting substances in the unknown preparation. 
Whether to use the absolute or percentile change will depend on which 
remains more constant under control conditions as noted above. 


VJUL Control of Venous Return 

Recent interest has been focused on the mechanisms controlling venous 
return both under physiologic conditions and In disturbances of homeo- 
gtasis such as are seen in shock and heart fafluro. Attempts in this direr- 
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tion have been made by recording simultaneously the right atrial pres- 
ume, cardiac output and aortic pressure. However, interpretations of 
these data are complicated by fluctuations of central venous pressure 
produced by respiration, by the fact that extremely large variations in 
the quantity of blood in the central veins and atria may occur with little 
change in level of the recorded pressure and, finally, by the fact that 
cardiac output may vary independently of the central venous reservoir 
pressure and therefore result in change of atrial pressure in a direction 
opposite that expected to result from the simultaneously occurring varia- 
tion in venous return. Fluctuations in capacity of the central venous 
reservoir and atrium may also cause a change in level of pressure in these 
structures in the absence of any alteration in cardiac output or venous 
return, thus further complicating interpretation (20). 

Changes, in intrinsic capillary and venular tone are probably best 
estimated from a differential in the rate of change of inflow vs. outflow of 
a given organ with respect to time, a delayed increase of outflow with 
respect to increased inflow suggesting dilatation or relaxation of these 
vessels and acceleration of outflow with respect to inflow suggesting con- 
striction or increase of tono. The magnitude of the storage capacity can 
probably also be determined from the volume of blood which continues 
to drain from the venous side after sudden occlusion or cessation of 
arterial inflow and from the extra volume of arterial inflow which may 
occur before inflow and outflow become equalized on restoration of cir- 
culation. 


VIII. Evaluation of Cardiac Contractility 


Changes of contractility of the heart may be due (a) to alteration of 
initial length, (b) to variation of environment, as by fluctuation of blood 
temperature, ion content, O* tension, hormone concentration or addition 
of exogenous substances such as digitalis, and (c) to change of cardiac 
nerve activity. Considerable knowledge may be obtained regarding 
alterations in cardiac contractility from simultaneous measurements of 
pressure in the right atrium, right ventricle, pulmonary artery, left 
ventriclet and aorta, intrapleural pressure (12, 70) and cardiac output 
(see pp. 221 and 224), heart aixe (44) and velocity of ejection from 
records of cardiac emptying (75). 

Increase in stroke volume in absence of change of intra-atrinl, pul- 
monary artery and aortic pressures provides unequivocal evidence of in- 
creased cardiac contractility caused by chemical or nerve influences. 
Increase in stroke volume or cardiac output in the presence of a rise of 
ntrial or of intraventricular pressure at the l>egi ruling isometric contrac- 
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the mean arterial pressure response to epinephrine, whereas prised 
abolished the response to epinephrino, i.e.,'the 'vasopressor response, but 
accentuated the depressor response to our vasodilator substance. In 
other preparations removal of a pressor substance by boiling or by 
dialysis unmasked the presence of a depressor or vasodilator material 
(48, 1, 7, 16, 10, 30, 30, 41, 49, 52, 08, 71, 70). 

VI. Expression of Unitage of Chemical Substances 

The amount of re nin which causes a rise in mean arterial pressure of 30 
mm Hg within 3 min on injection into an unanesthetiied dog weighing 
between 10 and 25 kg has been chosen by Goldblatt aa the unit for renin 
(see p. 252 and (24)). However, it is not accepted by all investigators (see 
p. 253 and (10, 17, 38, 63)). 

This method of expression for any substance can be acoepted only 
when it has been demonstrated that injection of unit quantity of the 
substance causes the same response on repeated injections into the same 
animal and the same response in a scries of different test preparations on 
successive days. Until such response is demonstrated it is 'better to com- 
pare within a short period in the same animal the response to an un- 
known preparation with that to a preparation of known strength. Even 
this procod ore may give unreliable results unless there is reasonable proof 
that the potency of the standard preparation remains satisfactorily 
constant or that tachyphylaxis does not develop. 

Three methods of expression have bean used in comparing a standard 
with an unknown substance : (1) the ratio of response to unit volume of 
the unknown to response to a similar volume of the known ; (2) the ratio of 
volume of the standard solution to that of the unknown solution which 
gives an equal response; (3) a plot is made of the dose-response relation- 
ship on single log paper to three different amounts of the standard and to 
three or more injections of the unknown which will produce responses 
overlapping those of the standard. Unitage of the unknown is then ex- 
pressed in terms of the linear distance between the two plots along the 
dosage axis. This procedure reduces the number of injections necessary 
to obtain an exact match in response and simultaneously allows detection 
of irregularities in the dose-response relationship which might be due to 
prfwence of two oppositely acting substances in the unknown preparation. 
Whether to use the absolute or percentile chango will depend on which 
remains more constant under control conditions as noted above. 

VII. Control of Venous Return 

Recent intcrart has been focused an the mechanisms controlling venous 
return both under physiologic conditions and in disturbances of homeo- 
gtosis such as are seen in shock and Iieart failure. Attempts in this direc- 
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tion (initial tension) and occurring in the absence of alteration or in the 
presence of increased pulmonary and aortic pressures may be interpreted 
as indicating increased contractility, probably owing to the increased 
initial length of the ventriclo. Increase of stroke volume in the presence 
of a decreased initial length (tension) and accompanying a rise or no 
change in aortic and pulmonary pressures may be interpreted as increased 
contractility caused by humoral or nervous factors. Reverse phenomena 
may be interpreted as indicating decreased contractility. Tnitisl tension ia 
probably beat expressed as difference in pressure between ventricle and 
pleural cavity. Considerable caution is required in making interpreta- 
tions in the presence of change of heart rate or in the presence of a 
simultaneous increase or decrease in initial tension and pulmonary and 
aortic press urea. Alterations in contractility should be associated with 
simultaneous measurement of the mechanical efficiency of the heart 
muscle. Such studies are, however, almost impossible of technical accom- 
plishment except in the isolated perfused heart operating under con- 
ditions which are usually far from physlologio (42, 45, 46, 70, 77). Recent 
development of techniques for determination of coronary blood flow end 
cardiac COi utilization by means of coronary sinus catheterization gives 
promise of making such studies possible in mam (See p. 20-1 and (8a)). 

Cardiac contractility has also been measured directly by Walton and 
Brodie (seep. 221). 
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DC. Pressor Effect of Renin and Hypertensin 

HARRY OOLDBLATT, Lot Ano*Ut 

Doga trained to lie quietly on a special support designed for their com- 
fort, on a table and without anesthesia, with only one hindhmb tied 
down, have their blood pressure taken by the direct method in the limb 
that is restrained. The ordinary mercury manometer is used with a 20 
gauge 1 in. needle inserted through the skin into the femoral artery. To 
provide the anticoagulant (4% citrate) and to elevate pressure in the 
manometer to the expected level before the needle is inserted, a pressure 
bottle with a reducing valve is used. The pressures are usually read with- 
out recording them on a kymograph, unless a permanent record ia re- 
quired. As soon as the blood pressure has settled to a fairly fixed level a 
23 gauge needle attached to a syringe that contains the test material is 
inserted in the external saphenous vein of tho opposite leg. At a given 
instant, when tho blood pressure is steady, the material is quickly in- 
jected and the maximal rise of pressure recorded. Usually the nature of 
the rise, as well os actual elevation, is noted because from the very 
nature of the rise one can usually distinguish definitely between renin and 
hypertensin. 

With renin, there is usually a lag of about 16 sec before rise of pressure 
begins, then tho rise is fairly steep, but about 2 min is required for the 
maximum to be reached. This is usually maintained for several minute* 
before the be ginning of the fall to normal, which may take 30 min or 
more. With hypertensin, the rise of pressure begins in about 6 sec, is very 
abrupt, the maximum being reached within */<-l min ; then promptly the 
steep fall begins, and pressure may be back to normal in 2 or 3 min. 
These are tho two pree&or-effecting substances with which I have worked 
for a number of years. Renin is not directly pressor. It is believed to act 
by way of formation of hypertensin, which is probably the reason for ft 
lag of 16 sec or more before tho rise begins. Some investigators do not use 
this method for the testing of renin. They first produce hypertensin 
under standard conditions, with the renin, then teat for the pressor effect 
of the hypertensin produced. Page has criticised our method on the basis 
that the activity of renin, an ensyme, cannot be determined by its 
direct pressor effect. Nevertheless, in te*ts of many samples of renin, the 
potency of which had been determined by other methods, consistent and 
reliable results have been obtained by our method. Our dog unit of renin 
is that amount which causes a maximum rise of blood pressure of 30 mm 
Hg In at least three dogs in 3 min or less. The unit of hypertensin is that 
amount which causes a maximum rise of 30 mm Hg in at least three dogs 
within 2 m in or less. _ . 

For determination of the pressor effect of the intravenous injection of 
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subetancea, including renin and hypertenrin, others have used the pithed 
cat. However, these cats must be killed, whereas the dogs can be need for 
years. For renin determinations, the samo dog is rarely used more than 
once in a si ngl e day and never for two successive injections within 2 hr. 
Sometimes 30 min or longer is required for the blood pressure to return 
to normal. Several successive determinations of bypertenain, however, 
can be made on the same animal without tachyphylaxis. 

Various methods have been proposed for the determination of blood 
pressure in the tail of the rat. All the methods are plethysmographic, but 
moat of them are unsatisfactory because they are not entirely objective, 
A method based on a different principle has been described for deter- 
mination of the blood pressure in the lower hindlimb of the rat. This 
seems more satisfactory, but I have had no experience with it. 

For study of the vasoconstrictor effect of various substances, including 
bypertenain, we have used the Lfiwen-Trendelenburg technique on the 
giant toad (see p. 129). There are a few pitfalls in the method, but once 
mastered it Is highly satisfactory for at least qualitative determination 
of the vasoconstrictor effects of substances soluble in water. 


X. Standardization of Renin 

IRVINE H. PAGE, CTWewJ Clinic 

The only advantage of methods of renin assay based on the pressor 
response In intact animals is apparent simplicity. There are at least two 
fundamental drawbacks: (a) renin doe* not produce the same response 
In different animals, at least under anesthesia, nor in the same animal 
at different times in most investigators’ hands, and (6) repeated Injec- 
tions of renin produce tachyphylaxis, making it impossible to “titrate” 
renin as is done with such pressor amines as adrenalin which do not pro- 
duce tachyphylaxis. 

Since renin is a catheptic enxyme and not a pressor substance, as it is 
often carelessly labeled in the literature, logio would require that It be 
tested for what it is, not for a property of one of its reaction products, 
angiotonin. 

Pientl and Page (1) found the formation and destruction of angiotonin 
from renin and renin substrate to consist of two consecutive reactions, 
both of which follow the laws of first order kinetics. The reaction con- 
stant is proportional to the ensyme concentration and hence should be 
used to express the activity of the enxymes. Their method of kinetio 
analysis may be somewhat more time-consuming bat tbo results, though 
not perfect, will come far closer to the truth than methods baaed on the 
very indirect animal assay. As the requirements for more exact work on 
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renin increase, arbitrary units based on a physiologic property o l a reac- 
tion product, will bo found to have little exact meaning. An enzyme 
should be assayed, not as a pressor agent, but for its ensymatio qualitie?. 
Added significance might be given physiologic assays if it were zhovm 
how they compare with kinetic analysis. 

REFERENCE 
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S67-380, November, 1943. 



SECTION III 


Selected Methods in 
Gastroenterologic Research 

ASSOCIATE EDITOR — A. C. Ivy 


INTRODUCTION 

Tim subject* chosen for presentation in this section do not form a 
unified group. In each instance our choice has been guided by three con- 
siderations. (1) The topics are ones with which workers in our labora- 
tories have had extensive experience, and we feel that this experience 
may be a substantial aid to others interested in these fields. (2) The topics 
are, in our opinion, timely. Each of these fields of research is currently 
being actively investigated by many groups. (8) Each topic selected 
presents some metboddogic problem. In fact, some of the topics are 
controversial. It is felt that in these instances much is to be gained by 
dearly Betting forth the practices of our laboratories so that the sources of 
any discrepancies piay be more readily discerned. 

—A. C. Ivt 
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The literature reveal* no agreement regarding the beet method for 
assaying compound* for their comparable effect on the volume output 
of bile by the liver. In fact, agreement does not exist relative to the 
terminology. The terminology of Brugech and Horetera (2) is moot com- 
monly employed; in this, choleretics are agent* which increase the volume 
outpxrt of bile by the liver, and cholagogues are agent* which promote 
expulsion of bile from the gallbladder. Terminology has been discu»Gd by 
one of ub and a rational terminology proposed (0). For this study the term 
choleretic refers to an increase in bile volume output. 

Choice of animal — Stranaky (11) popularized the uae of rabbit* for 
assay of choleretic compound*. Babbits, however, faffed to respond to 
cmohophen, to which dogs and human* respond. Grabe (4) used rats, hut 
Fromher* (3) and Wanner (14) found that rata do not respond as do dogs 
and humans. So far as i* known the human and canine liver respond alike 
to choleretic subetanoee. It would appear, then, that the dog ia the lab- 
oratory animal of choice for use in assaying oh ol erotics before they are 
tried on human subjects. 

Animal preparation.— 1. " Chronic biliary fistula’* preparation . — 
Schwann (10) in 1844 introduced the gallbladder fistula preparation, 
which ha* been used a* recently as 1930. This ia not a good preparation 
for study of choleretic compound* because the gallbladder mucosa 
modifies the hepatic bile. 

The ‘‘chrome fistula” of the common bffe duct or of the cystic duct 
with the common duct tied and sectioned and the gallbladder removed 1* 
a good method when used with the precaution* introduced by Rous and 
NloMaster (8) and Kocour and Ivy (7). 

It is believed that the chronic biliary fistula should be used in the 
final evaluation of choleretics because use of an anesthetic is avoided and 
the choleretic Is employed under conditions more similar to those under 
whioh they will generally be used clinically. The acute biliary fistula, if 
used properly, is an ideal preparation for selecting compounds to be used 
In dogs with a chronic fistula. Within eight hours two preparations may be 
256 
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assayed, whereaj much more time and effort are required to make an 
acceptable assay on the animal having a chronic biliary fistula. 

2. "Acute biliary fistula" prrpa ration. —This was apparently first de- 
scribed by Rutherford (9) in 1878. The method as we use it consist* in 
the following procedures, (a) The dog, having not been fed for 14 hr, is 
aneetbetised with pentobarbital given intravenously. (6) The common 
bile duct is cumulated and the cystic duct clamped with a hemostat 
(ligating causes unnecessary trauma), (c) The cannula and rubber tube 
(3 Turn in diameter inside) are so placed u to prevent mechanical obstruc- 
tion. A stitch holding the cannula to the side of the duodenum is helpful. 
The rubber tube is brought to the outside through the abdominal in- 
cision or a stab wound, the orifice of the tube being at or slightly below 
the level of the cannula in the duct. A graduated cylinder is used for 
collecting the bile, (d) While the cannula and tube are filling with the bile 
being farmed continuously, the carotid artery is cannulated and con- 
nected to a blood pressure recording apparatus. The blood pressure 
should be recorded because it affects the formation of bile (12) and a 
significant change in blood pressure on the injection of a compound 
provides information pertaining to the toxicity of the compound. 

According to our experience, a compound should be injected into at 
least two dogs before it can be said to have no appreciable choleretic 
effect. During our work it bocame neootsary to *acert*in if the adminis- 
tration of dehydroohoi&te to a dog In any way influenced the response to 
a seoond dose of dehydroobdate or to another oholeretie compound after 
bile flow returned to normal. In 12 dogs the response to the second dose of 
dehydrocholate was, within tho experimental variations, identical with 
the response to the first dose. Administering potent choleretic compounds 
to six dogs without the previous administration of dehydrocholate, we 
obtained responses that agreed closely with those obtained following 
previous dehydrocholate administration. 

The remainder of this discussion deals with tho choice of methods for 
comparing the choleretic action of different compounds m the "acute 
biliary fistula" dog. 

THE ACUTE EXPERIMENT 

The acute experiment or actual a»ay of a compound X is conducted as 
follows, (a) Bile is collected for a amlrof period of 30 min. (6) Sodium de- 
hydrocholate in a dose of 0.047 mM/kg body weight (20 mg/kg) Is in- 
jected intravenously over 2 min. (c) The bile is collected at 30 min 
intervals for 1-&-2 hr, at which time tho flow lias invariably returned to 
the control rate. The peak rate of flow occurs in the first 30 min after a 
30 rain control collection, a predetermined amount ( tide infra) of com- 
pound X is injected and the bile collected at 30 min intervals until flow 
has returned to the control rate. 

Theoretical consideration of possibilities of comparing retells. — o) Data 
on control flow during 30 min . — One hundred dogs, prepared as do- 
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The literature ro veals no agreement regarding the best method for 
assaying compounds for their comparable effect on the volume output 
of bile by the liver. In fact, agreement does not exist relative to the 
terminology. The terminology of Brugsch and Horsters (2) is most com- 
monly employed ; in this, choleretics are agents which increase the volume 
output of bile by the liver, and cholagogues are agents which promote 
expulsion of bile from the gallbladder. Terminology has been discussed by 
one of us and a rational terminology proposed (6) . For this study the term 
choleretic refers to an increase in bile volume output. 

Choice of animal . — Stranaky (11) popularised the use of rabbits far 
assay of choleretic compounds. Rabbit*, however, failed to respond to 
cinch ophen, to which dogs and humans respond. Grabe (4) used rat*, hut 
From hen (3) and Wanner (14) found that rat* do not respond as do dogs 
and humans. Bo far as is known the human and canine liver respond alike 
to choleretic substances. It would appear, then, that the dog is the lab- 
oratory animal of choice for use in assaying choleretic* before they are 
tried on human subjects. 

Animal preparation. — 1. “ Chronic biliary fistula” preparation- 
Schwann (10) in 1844 introduoed the gallbladder fistula preparation, 
which has been used a* recently as 1930. This is not a good preparation 
for study of choleretic oompounds because the gallbladder mucosa 
modifies the hepatic bile. 

The “chronic fistula’' of the common bile duot or of the cystic duct 
with the common duct tied and sectioned and the gallbladder removed ts 
a good method when used with the precautions introduced by Roua ^ 
McMaster (8) and Kocour and Ivy (7). 

It is believed that the chronic biliary fistula should be used in the 
firm! evaluation of oholeretics because use of an anesthetic is avoided and 
the choleretic is employed under conditions more similar to those under 
which they will generally be used clinically. The acute biliary 
used properly, is an Ideal preparation for selecting compounds to be used 
In dogs with a chronic fistula. Within eight hours two preparations may 
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assayed, whereas much more time and effort are required to make an 
acceptable assay on the animal having a chronic biliary fistula. 

2. “Acute biliary fistula” -preparation. — This was apparently first de- 
scribed by Rutherford (9) in 1878. The method as we use it consists in 
the following procedures, (a) The dog, having not been fed for 14 hr, is 
anesthetized with pentobarbital given intravenously, (b ) The common 
bile duct is cannula tod and the cystic duct clamped with a hemostat 
(ligating causes unnecessary trauma), (c) The cannula and rubber tube 
(3 mm in diameter inside) are so placed as to prevent mechanical obstruc- 
tion. A stitch holding the cannula to the side of the duodenum is helpful. 
The rubber tube is brought to the outaide through the abdominal in- 
cision or a stab wound, the orifice of the tube being at or slightly below 
the level of the cannula in the duct. A graduated cylinder is used for 
collecting the bile, (d) While the cannula and tube are filling with the bile 
being formed continuously, the carotid artery is cannula ted and con- 
nected to a blood pressure recording apparatus. The blood pressure 
should be recorded because it affects the formation of bile (12) and a 
significant change in blood pressure on the injection of a compound 
provides information pertaining to the toxicity of the compound. 

According to our experience, a compound should be injected into at 
least two dogs before it can be said to have no appreciable choleretic 
effect. During our work it became noceesary to ascertain if the adminis- 
tration of dehydrocholate to a dog in any way influenced the response to 
a second doee of dehydrocholate or to another choleretic compound after 
bile flow returned to normal. In 12 dogs the response to the second doee of 
dehydrocholate was, within the experimental variations, identical with 
the response to the first dose. Administering potent choleretic compounds 
to six dogs without the previous administration of dehydrocholate, we 
obtained responses that agreed closely with those obtained following 
previous dehydrocholate administration. 

The remainder of this discussion deals with the choioe of methods for 
comparing the choleretic action of different compounds in the “acute 
biliary fistula’' dog. 

THE ACUTE EXPERIMENT 

The acute experiment or actual aaeay of a compound X is conducted as 
follows, (a) Bile is collected for a control period of 30 min. (6) Sodium de- 
hydrocholate in a doee of 0.047 mM/kg body weight (20 mg/kg) is in- 
jected intravenously over 2 min. (c) The bile is collected at 80 min 
intervals for 1.5—2 hr, at wliich time tho flow has invariably returned to 
the control rate. The peak rate of flow occurs in the first 30 min after a 
30 min control collection, a predetermined amount (tide infra) of com- 
pound X is injected and the bile collected at 30 rain intervale until flow 
has returned to the control rate. 

Theoretical consideration of possibilities of comparing remits. — a) Data 
on control flow during SO mtn. — One hundred dogs, prepared as do- 
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The literature reveals no agreement regarding the best method for 
assaying compounds for their comparable effect on the volume output 
of bile by the liver. In fact, agreement does not exist relative to the 
terminology. The terminology of Brugsch and Horstere (2) is most com- 
monly employed ; in this, choleretics are agents which increase the volume 
output of bile by the liver, and cholagoguos are agents which promote 
expulsion of bile from the gallbladder. Terminology has been discussed by 
one of us and a rational terminology proposed (0). For this study the term 
choleretic refers to an increase in bile volume output. 

Choice of animal . — Btransky (11) popularirod the use of rabbits for 
assay of choleretic compounds. Rabbits, however, failed to respond to 
cinch ophen, to which dogs and humans respond. Grabe (4) used rats, but 
Fromheri (3) and Wanner (14) found that rats do no't respond as do dogs 
and humans. So far as Is known the human and canine liver respond alike 
to choleretic subetancea. It would appear, then, that the dog is the lab- 
oratory animal of choice for use in assaying choleretics before they are 
tried on human subjects. 

Animal preparation. — 1. 1 ‘Chronic biliary ftitula” preparation . — 
Schwann (10) in 1844 introduced the gallbladder fistula preparation, 
which has been used as recently as 1936. This is not a good preparation 
for study of choleretic compounds because the gallbladder mucosa 
modifies the hepatic bile. 

The “chronic fistula" of the common bile duct or of the cystic duct 
with the common duct tied and sectioned and the gallbladder removed is 
a good method when used with the precautions introduced by Rous and 
McMaster (8) and Kocour and Ivy (7). 

It is believed that the chronic biliary fistula should be used in the 
final evaluation of choleretics because use of an anesthetic is avoided and 
the choleretic is employed under conditions mare similar to those under 
which they will generally be used clinically. The acute biliary fistula, if 
nsed properly, is on ideal preparation for selecting compounds to be used 
in dogs with a chronic fistula. Within eight hours two preparations may be 
SM 
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assayed, whereas much more time and effort are required to make an 
acceptable assay on the animal having a chronic biliary fistula. 

2. “Acute biliary fistula" preparation . — This was apparently first de- 
scribed by Rutherford (9) in 1878. The method as we use it consists in 
the following procedures, (a) The dog, having not been fed for 14 hr, is 
anesthetized with pentobarbital given intravenously, (b ) The common 
bile duct is cannula ted and the cystic duct damped with a hemostat 
(ligating causes unnecessary trauma), (c) The cannula and rubber tube 
(3 mm in diameter inside) are so placed as to prevent mechanical obstruc- 
tion. A stitch holding the cannula to the side of the duodenum is helpful. 
The rubber tube is brought to the outside through the abdominal in- 
cision or a stab wound, the orifice of the tube being at or slightly below 
the level of the cannula in the duct. A graduated cylinder is used for 
collecting the bile, (d) While the c ann ula and tube are filling with the bile 
being formed continuously, the carotid artery is cannulated and con- 
nected to a blood pressure recording apparatus. The blood pressure 
should be recorded because it affects the formation of bile (12) and a 
significant change in blood pressure on the injection of a compound 
provides information pertaining to the tonicity of the compound. 

According to our experience, a oompound should be injected into at 
least two dogs before it can be said to have no appreciable cBoleretic 
effect. During our work it became necessary to ascertain if the adminis- 
tration of dehydrocholate to a dog in any way influenced the response to 
a second dose of dehydrocholate or to another choleretic compound after 
bile flow returned to normal. In 12 dogs the response to the second dose of 
dehydrocholate was, within the experimental variations, identical with 
the response to the first dose. Administering potent choleretic oom pounds 
to six dogs without the previous administration of dehydrocholate, we 
obtained responses that agreed closely with those obtained following 
previous dehydrocholate administration. 

The remainder of this discussion deals with the choice of methods for 
comparing the choleretic action of different compounds in the “acute 
biliary fistula" dog. 

TBS ACUTE EXPERIMENT 

The acute experiment or actual assay of a compound X is conducted as 
follows, (a) Bile is collected for a control period of 30 min , (b) Sodium de- 
hydrocholate in a dose of 0.047 mM/kg body weight (20 mg/kg) is in- 
jected intravenously over 2 min, (c) The bile is collected at 30 min 
intervals for 1.5—2 hr, at which time the flow has invariably returned to 
the control rate. The peak rate of flow occurs in the first 30 min after a 
30 min control collection, a predetermined amount (vide infra) of com- 
pound X Is injected and the bile collected at 30 rain intervals until flow 
has returned to the control rate. 

Theoretical consideration of possibilities of comparing results. — a) Data 
on control flow during SO min . — One hundred dogs, prepared as do- 
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The literature reveals no agreement regarding the beat method for 
assaying compounds for their comparable effect on the volume output 
of bile by the liver. In fact, agreement does not exist relative to the 
terminology. The terminology of Brugsch and Horstera (3 ) is most com- 
monly employed; in this, choleretics are agents which increase the to! tone 
output of bile by the liver, and cholagoguea are agents which promote 
expulsion of bile from the gallbladder. Terminology has been discuiwod by 
one of us and a rational terminology proposed (0). For this study the term 
choleretic refers to an increase in bile volume output. 

Choice of animal. — Btransky (11) popularized the use of rabbits for 
assay of choleretic compounds. Babbits, however, failed to respond to 
cm chop hen, to which dogs and humans respond. Grab© (4) used rata, but 
Fromheri (3) and Weiner (14) found that rats do not respond as do dogs 
and humans. So far as is known the human and canine liver respond alike 
to choleretic substances. It would appear, then, that the dog is the lab- 
oratory animal of choice for use in assaying choleretics before they are 
tried on human subjects. 

Animal preparation . — 1. " Chronic biliary fistula” preparation . — 
Schwann (10) in 1844 introduced the gallbladder fistula preparation, 
which has been used as recently as 1930. This is not a good preparation 
for study of choleretic compounds because the gallbladder mucosa 
modifies the hepatic bile. 

The "chronic fistula" of the common bile duct or of the cystic duct 
with tho common duct tied and sectioned and the gallbladder removed is 
a good method when used with the precautions in trod need by Rous and 
McMaster (8) and Kocour and Ivy (7). 

It is believed that the chronic biliary fistula should be used in the 
Arm! evaluation of choleretics because use of an anesthetic is avoided and 
the choleretic is employed under conditions more similar to those under 
which they will generally be used clinically. The acute biliary fistula, if 
used properly, ia an ideal preparation for selecting compounds to be used 
in dogs with a chronic fistula. Within eight hours two preparations may bo 
• 2C6 
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fore the beet way of measuring the choleretic efficacy of a compound X is 
to obtain the response to a definite dose of the compound and to ascertain 
which doso of dehydrocholate would be capable of producing on identical 
response (equivalent dose). To nrnko this comparison, a doee-responso 
curve for dehydrocholate is essential. 



Fia. l 

c) Doae-revponte curw for dehydrocholate . — In four dogs, a 30 min con- 
trol flow was obtained, and then 0.14 mM of dehydrocholate, as sodium 
dehydrochdato (total dose, 60 mg of sodium dehydrocholate), was in- 
jected intravenously. When the rate of flow of bile had returned to the 
control rate (1-2 hr) 0.28, then 0.43, then 0.67, 0.71 and 0-85 mM/kg of 


TABLE 2. — R»wom«b or Bil* Flow or 4 Doos to I*au_ijixo Do« or Borrow 
Duttoroch 0LAT8 


Dnmocaoun, 

UiwBJwwi, 

Mil 

1IV»Udi 

0.00 

1.3 

0.14 

2.4 

0.28 

4.8 

0.43 

0.0 

0.57 

7.7 

0.71 

8.8 

0.83 

11.6 


dehydrocholate was administered. Average results are shown in Table 2. 

coeffident rating tho dose to the response is very high 
(0.90). The results yield the following regression equation when R stands 
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scribed, had a mean weight of 8.3 kg, with standard deviation (S J}.) 3.4 
kg. The mean control rate of bfle flow was 1.10 ml/30 min, S.D., 0.70 ml, 
and coefficient of variability (100 times B.D. divided by mean), 64. 

b) Expression of secretory response . — There are three ways to express 
the secretory response to an excitatory substance such as sodium dehy- 
drocholate, which wns the standard excitant in this study: (1) calculate 
the percentage increase in volume output over that of the control; (2) 
use the actual increase in milliliters of bile over that of the oontrol; (3) 
ignore the control flow and use the amount in miUflHers of bfle collected 
after the injection. 

In determining which of the foregoing criteria is the least variable, it 
was necessary to determine first the length of the period of bile collection 
the volume of which Is to be used. The volume of the first 30 min or the 
first hour after the injection might be used. 

In 40 dogs, bfle output following administration of. 0.047 mM of 
sodium dehydrocholato was determined at 30 and at 60 min. Mean out- 
put during the 80 min was 6.5 ml (S.D., 2.4 ml; coefficient of variability, 
36.4) ; mean output during the 00 min was 9.4 ml (8.D., 8.6 ml; coefficient 
of variability, 38.4). Hence the mean output during the second 30 min 
was 2.9 ml. 

It is" apparent that the maximal effect of dehydrooholate is exerted 
during the first 30 min following administration, and that daring the 
sooond 30 min the rate of secretion is well an its way back to the control 
rate of flow. The variability of the 30 min collection is no more than the 
variability of the 60 min readings. This is true of all of 80 compounds 
assayed for choleretic action to date. The maximal effect always was 
exerted during the first 30 min following intravenous administration. 

TABLE L — Tmin Watb or Extbbmuto Isaum m Bmi Flow or Rxsroifa to 
SoDruv Dehtdbocholatx 

Hok h u Mux Dhutioi 

% insreaM orrr control 770% 640% 

Abnohite incrmJO otct oontrol 4 . 74 ml 2.02 ml 

Absolute response flow 6.79 ml 2.80 ml 

Table 1 shows data which demonstrate that the volume output during 
the first 30 min after injection of dehydrooholate has the lowest coefficient 
of variability. This is due to the largo variations in volume output 
during the oontrol period. The percentage increase over the oontrol flow 
is twice as variable as the actual volume of bflo collected the first 30 min 
after the injection of dehydrocholate. 

Comment: Since the bile flow in response to dehydrooholate is subject 
to leas variation than the control rate of flow, it follows that the choleretic 
ootency of a drug can be evaluated more reliably by comparing the re- 
sponse to the drug to be tested with the response to dehydrooholate than 
bycom paring the effect of the drug with the control rate of flow. Thcre- 


42.6 

80.7 



ASSAY OF CHOLERETIC COMPOUNDS 


260 


fore the beet way of measuring the choleretic efficacy of a compound X is 
to obtain the response to a definite doso of the compound and to ascertain 
which doso of dehydrocholate would be capable of producing on identical 
response (equivalent dose). To make this comparison, a dose-response 
curve for dehydrocholato is essential . 



Fro. l. 

c) Doss-response curve for dehydroeholaie . — In four dogs, a 30 min con- 
trol flow was obtained, and then 0.14 mM of dehydrocholate, as sodium 
dehydrocholate (total dose, 60 mg of sodium dehydrocholate), was in- 
jected intravenously. When the rate of flow of bile had returned to the 
control rate (1-2 hr) 0.28, then 0.43, then 0.67, 0.71 and 0.86 mM/kg of 


TABLE 2 . — Restomsk or Baa Flow or 4 Doo« to Iwcmsixo Down or Bodiuu 
Dmhtubocu o lat* 


Don or D™r*»o<»otAT«, 
nil 


0.00 

0.14 


0.43 

0.67 

0.71 

0.86 


'iZJXVST' 

1.8 

2.4 

4.8 

6.0 

7.7 

8.8 

11.6 


dehydrocholate was administered. Average results are shown in Table 2. 
The correlation coefficient relating tho dose to the response is very high 
(0.09). The results yield the following regression equation when Ii stands 
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Bcribcd, had a mean weight of 8.3 kg, with standard deviation (8.D.) 3.4 
kg. The mean control rate of bDe flow waa 1.10 ml/30 min, S JX, 0.70 ml, 
and coefficient of variability (100 times SJD. divided by mean), 64.' 

b) Expression of seer dory response . — There are three ways to express 
the secretory response to an excitatory substance such as sodium dahy- 
drocholate, which waa the standard excitant in this study: (1) calculate 
the percentage increase in volume output over that of the control; (2) 
use the actual increoso in milliliters of bile over that of the control; (3) 
ignore the control flow and use the amount in milliliters of bile collected 
after the injection. 

In determining which of the foregoing criteria is the least variable, it 
waa necessary to determine first the length of the period of bile collection 
the volume of which is to be used. The volume of the first 30 min or the 
first, hour after the injection might be used. 

In 40 dogs, bile output following administration of 0.047 mM of 
sodium dehydrocholate waa determined at 30 and at 60 min. Mean out- 
put during the 30 min waa 0.6 ml (8.D., 2.4 ml; coefficient of variability, 
36.4) ; moan output during the 60 min waa 9.4 ml (SJX, 3.6 ml ; coefficient 
of variability, 38.4). Hence the mean output during the second 30 min 
waa 2.9 ml. 

It is apparent that the maximal effect of dehydrocholate is exerted 
during the first 30 min following administration, and that during the 
second 30 min the rate of secretion ia well on its way back to the control 
rate of flow. The variability of the 30 min collection ia no more than the 
variability of the 60 min readings. This is true of all of 80 compounds 
assayed for choleretic action to date. The marinra! effect always waa 
exerted during the first 30 min following intravenous administration. 


TABLE L — Ttmn Wat* or Expbebcoto Inohiakb in Bxl> Flow nt Bjbkutm to 
Bod row DEHiuaocnoia.'ni 

Oo inuit w 

Btajtb xmo or 

Earaiu Uiu Diruacor V* »u«rM Tr 


% lnc*m» omr control 770% 

Ah^n hrta injrnsaao error control 4.74 ml 

Ataolota res p onse flow 6.79 ml 


646% 88.0 
2.(0 ml 42.6 
2. SO ml 39.7 


Table 1 shows data which demonstrate that the volume output during 
the first 30 min after injection of dehydrocholate has the lorrast coefflcien t 
of variability. This is due to the largo variations in volume output 
during the control period. The percentage increase over the control flow 
la twice as variable as the actual volume of bfle collected the first 30 min 
nftcr the injection of dehydrocholate. 

Comment : Since the bfle flow in response to dehydrocholate ia subject 
to tore variation than the control rate of flow, it foflowa that the choleretic 
potency of a drug can be evaluated more reliably by comparing the re- 
^vonae to the drug to be tested with the response to dehydroch olate than 
by comparing the effect of the drug with tbo control rate of flow. There- 
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material which curve or equation in used. However, we decided to use tho 
curve baaed on the results obtained on tho four dogs receiving increasing 
doeea of dehydrocholate (Fig. 1 and Table 2). 

d) U« of recreation equation or carte. — If D is the equivalent doee of 
dehydrocholate, the relative potency, P, of a compound can be calculated 
by dividing D by tlie doee of the compound used, D', and multiplying by 
100, or 

P - p> X 100. 

If the potency of the compound is equal to that of dehydrocholatc, P will 
equal 100. The greater tho value of P, the greater the potency of the 
compound. 

Exam pie: One millimole of compound A produce* 6 ml of bile during the firtt 
30 min after it* injection. TTmj equivalent doe© of dehydrocholatc, D, it obtained 
from the rogreenon equation: R — 1.044 (12.0 X D), when R equals fi.O ml and 
D, 0.33 raM- Thus, 1 rail of compound A is equivalent to 0.33 mil of dehydro- 
tholate. Bene*, the relative potency of compound A will be 

P - g, X 100 - X 100 - 83%, 


or, combining the potency and regreeekm equations, since 


R - 
12.0 


J, 100 (fl - L01) 
“ 12.0 X 1> 


and if D' — 1.0 miTim oJii and R — 6 ml, then 


P 


100 (5 - 1XH) 
X LO 


8.35 X APO - 83%. 


The value can bo read from Figure 1. For example, if 1 mAI/kg pro- 
duced 6 ml of bile in 30 min, it will be found from Figure l that 5 ml of 
bilo U produced by 0.33 mM of dehydrocholatc. 


Courotrv* | 

Lll» IV inll 

'Rnjfl*iPoti»or 
. CovriiQ to 
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1 0 

43 

17 



1 7 

1 1 

H 1 



0 

J 23 

1° j 

44 


iV.yyr:, r-' MU ^ lre coropoutxn wow* alter & rinxlc lo- 

m t ravenouN T ftlnrolato bile volume output for 3 and 4 hr. Thl* U avneoUl 
problem tltai will be dbeuMcd elsewhere, * Fpec1 * 1 
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for the bile volume output during the first 30 min after injection, and D, 
the dose of dehydrocholate in milllinoles (12.0 X D), 

12 - 1.04 + (12.0 X D). 

The graph of the equation and the result* ore shown in Figure 1. 

The dose-response was then constructed for the 100 dogs, previously 
referred to, which received a fixed dose of dehydrocholate per kilogram 
of body weight (0.047 mM/kg). Using the control rate of flow which 
corresponds to an exogenous dose of 0 mM, it was possible to construct a 
curve based on 200 observations on bfle flow. In addition, the record of 


cwm rm boemum oofrtwocnx>Te son n» coo. 



a* 


TOTAL DOM IN »LUNOUl 

FlO.2. 

total dose each dog received could be used for constructing the graph and 
equation. The correlation coefficient relating dose of dehydrocholate to 
volume output of bile during the first 30 min is +0.02, The coefficient is 
lees than for the four dogB because of the variability of the control flow, 
or presumably the amount of endogenous bile acids acting at the time of 
injection of the exogenous bile acid ; the coefficient is less also because the 
100 dogs received only one dose of dehydrocholate (Fig. 2), whereas each 
of the four dogs received several increasing doses. In fact, Figure 2 is 
shown only because of the remarkable correspondence of the two regres- 
sion lines. 

The regression equation calculated from these results is 
R — 1.33 (1O0 X D). 

This equation and the results are shown in Figure 2. 

Comment: Tbe dose-reeponso curves and regression equations ob- 
tained on the four dogs and 100 dogs are in cloeo agreement. It is ho- 
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material which curve or equation is used. However, we decided to use the 
curve based on the results obtained cm the four dogs receiving increasing 
doses of dehydrocholate (Fig. 1 and Table 2). 

d) Ute of regression equation or curre . — If D is the equivalent dose of 
dehydrocholate, tho relative paten oy, P, of a compound can be calculated 
by dividing D by tlin dose of the compound used, D', and multiplying by 
100, or 

P - g, X 100. 

If the potenoy of the compound is equal to that of dehydrocholate, P will 
equal 100. The greater the value of P, tho greater the potency of the 
compound. 

Example: One millimole of compound A produces 6 ml of bile during tho first 
30 min after Its injection. The equivalent doee of dehydrocholate, D, is obtained 
from the regression equation: Jt - 1.044 (12.0 X D), when R equals 5.0 ml and 
D, 0.33 mil. Thus, 1 mM of compound A is equivalent to 0.33 mM of dehydro- 
cholate. Hence, the relative potency of compound A will be 

P-5,X100-J^X100- J3%, 


or, combining the potency and regression equations, since 


D 


R — 1.04 
12.0 


P 


100 ( R - LQ4) 
12.0 X D- 


andifZP — 1.0 millimole and R — 6 ml, then 


P 


100 (5 - L04) 

woxiJT 


- 8B5 X 3.06 - 33%. 


The value can be read from Figure 1. For example, if 1 mM/kg pro- 
duced 5 ml of bile in 30 min, It will be found from Figure 1 that 5 ml of 
bile is pretduced by 0.33 mM of dehydrocholate. 


Vuuiam 


26 

37 


40 

45 


Non. — Jtrrmtly we hart owd dtv synthetic compound* which after a airurte in- 
jection Intrarmouily stimulate bllr volume output for 3 and 4 hr. Thb biuwid 
problem that will Iw dbcuwd elsewhere. ” 
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for the bile volume output during the first 30 min after injection, and D, 
the doee of dehydrocholate in millimoles (12.0 X D), 

R - 1JW + (12.0 X D). 

The graph of the equation and the results are shown in Figure 1. 

The dose-response was then constructed for the 100 dogs, previously 
referred to, which received a fixed doee of dehydrocholate per kilogram 
of body weight (0.047 mM/kg). Using the control rate of flow which 
corresponds to an exogenous dose of 0 mil, it was possible to construct a 
curve based cm 200 observations on bile flow. In addition, the record of 



total doee each dog received could be used for constructing the graph and 
equation. The correlation coefficient relating dose of dehydrocholate to 
volume output of bile daring the first 30 min is +0.62. The coefficient is 
lens than for the four dogs because of the variability of the control flow, 
or presumably the amount of endogenous bfle acids acting at the time of 
injection of the exogenous bfle add ; the coefficient is less also because the 
K>0 dogs received only one doee of dehydrocholate (Fig. 2), whereas each 
of the four dogs received several increasing doses. In fact, Figure 2 m 
shown only because of the remarkable correspondence of the two regres- 
sion lines. 

The regression equation calculated from theao results is 
R — 1J33 + (108 X D). 

This equation and the results are shown in Figure 2, 

Comment: The dose-response curves and regression equations ob- 
tained on the four dogs and 100 dogs are in close agreement. It is Im- 


PREPARATION AND USE OF THE MANN- 
WILLIAMSON DOG 


M. I. OH08SMAN and A. C. HT, U*i»crtUr oflUiiwt 


Of titk many methods proposed for experimental production of pcptio 
ulcer, only a few have proved to l» of value for routine use. Because of its 
reliability and the vast knowledge gained about it, the Mann-WHliam*on 
dog (4) stands first among the experimental methods for ulcer produc- 
tion. The M-W dog presents certain definite disadvantage* for use in 
assessing therapy, particularly the long period of observation required. 
TTcrwover, it is the most reliable method available, and until a better one 
is provided it should bo used. 

PROCEDURE 

Operative procedure . — Male and female mbngtel dogs weighing between 

0 and 16 kg are used. They arc placed in cages and observed for at least 

1 week before operation In order to detect and eliminate any animals with 
obvious abnormalities such as distemper, worms and malnutrition. The 
dog is starved for 24 hr before surgery. Open drop ether anesthesia is 
used after premedication with morphine sulfate (2 mg/kg) and atropine 
sulfate (0.16 mg/kg) given subcutaneously l /* hr before anesthesia is 
started. 

Through a right rectus muscle-splitting incision the hepatoduodenal 
ligament is cut to mobilire the pyloric sphincter region (Fig. 1). The 
right gastric and right gastroepiploic vessels are doubly ligated and 
transected opposite the pyloric sphincter. A rubber-covered intestinal 
clamp is placed on the stomach several inches above the pyloric sphincter 
and an Allis forceps is placed on the superior border of the duodenal bulb. 
The branches of the right gastroepiploic vessels running from the cut ends 
of the vessels to the duodenal wall are ligated with a suture ligature and 
the pyloric sphincter is then transected. The duodenal mucosa ia infolded 
by sliding the musculnris and scroea over it, and the duodenal stump ia 
closed by two continuous rows of Lembcrt sutures through the serosa and 
musculam. 

The first loop of jejunum is now identified and the arched mesenteric 
vowels parallel to the intestinal border are doubly ligated and transected. 
The jejunum is transected at tho point where the vessels have been 
203 
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Critique . — The foregoing method was used in the assay of eight com- 
pounds with choleretic action. Like sodium dehydrocholate in the dose 
used, they all stimulated the formation of bile in every dog to which they 
were given intravenously. The large variability of choleretic response in 
different dogs is clearly evident from the results (Table 3). This is also 
true of the response to sodium dehydrocholate, since as cited above, the 
response to a standard dose (20 mg/kg) in 100 dogs was 6.79 **«2.3 (8.D.), 
the coefficient of variability being 40. 

The liver is no exception among the digestive glands regarding vari- 
ability in response to a standard secretory stimulus. The variability in 
response of the salivary glands to the same dose of pilocarpine (1), of the 
gastric glands tp the same' does of histamine (18) and of the pancreas to 
the same dose of secretin (6) is of the same order of magnitude as that of 
the liver. 
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If the dog is to be treated with medicines given orally or parenterally, 
treatment la begun one week postoperatively. 

Diet. — The basal diet fod all our Mann-Williamson dogs poe tope ra- 
ti vely, including both control and treated groups, consists of : commercial 
dog food (Pard, Swift), 1 can; fresh ground raw hog pancreas, 100 g; 
fresh ground raw hog liver, 100 g; fresh whole milk, 200 ml. 

The M-W dog manifests considerable food wnstago as is seen by the 
bulky, soft, light-colored stools containing appreciable? quantities of un- 
digested food. It Is therefore necessary to supply this diet in liberal quan- 
tities to main tain tho animal's nutritional state. When this diot is uaod in- 
stead of the usual kennel ration, average postoperative survival of M-W 
dogs is distinctly prolonged. Thus the avorage postoperative survival 
time of 114 control animals receiving this diet was 110 days. Other 
laboratories using an ordinary diet report lower avorage survival times; 
for example, Sandweise' group (1) had an avorage postoperative survival 
time of 72 days for 29 control M-W dogs. 

Incident* and time of occurrence of ulcer . — Among untreated animals 
ulcers dovelop in all except two groups. (1) The first consists of those 
which do not live long enough to develop an ulcer. Since average time of 
onset of ulcer is about 7 weeks, if death duo to extraneous causes occurs 
early postoperatively, there may not have boon timo for dovolopment of 
ulcer. (2) About 2 per cent of animals fail to develop ulcer, oven without 
special treatment other than the diet. These animals may live in- 
definitely. When an animal does not develop ulcer within 1 year after 
operation, ulcer Is unlikely to develop later. On the other hand, if uloer 
has been prevented from occurring for a year or longer by treating the 
animal, for example with aluminum phosphate, ulcer will occur in the 
Usual length of time after treatment is discontinued. In other words, 
prevention of the ulcer for a year does not produce an adaptation which 
prevents nicer from occurring when treatment is stopped. 

The commonest error made in evaluating tho results of a certain treat- 
ment in M-W dogs is to consider that animals which die without ulcer 
within a few weekB after operation bavo been benofited by treatment. 
When death without ulcer occurs within a few weeks after operation it is 
not possible to determine whether the absence of ulcer is due to lack of 
Sufficient tune for ulcer to develop or to tho beneficial effect of therapy. 

Since diet and other variable factors are so important in modifying the 
course of the M-W dog, it is essential that each laboratory do its own 
control series of animals. The control scries should bo done concurrently 
with tho treated animals, and the same team of surgeons should perform 
the operations. 

Figure 2 depicts tho postoperative survival times of 114 control (un- 
treated) M-W dogs, At tho end of 12 weeks 60 per cent of tho animals had 
died with ulcer. Dogs surviving less than 4 weeks wore excluded (eee p. 
267). Average survival time for the entire group was 15.2 * 0.7 weeks 
excluding two animals which survived more than 00 weeks without de^ 
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ligated and the distal end of tho jejunum is closed by two continuous 
rows of Lambert Buturos through the serosa and muscularis. 

Tho pylorio ond of the stomach is now anastomosed to the jejunum 
about 1 in. distal to the closure that has just Isxm modo. The first con- 
tinuous row of sutures joins the serosal iwrder of the posterior surface of 
the cut end of the stomach to the* serosal surface of jejunum near the 
mesenteric border. Tho jejunum is opened to produce a stoma of ap- 
proximately the same site ns and oppoeito that of the stomach. An inner 
continuous row of Connell sutures completes the posterior half of the 
anastomosis. The Connell suture is continued to join the anterior 
mucosal layer of the stomach and the other Up of the jejunum. A con- 



tinuous row of Lembert sutures joining the anterior serosal edge of the 
stomach to the serosa of the jejunum completes the anastomosis. 

The continuous suture lines should be interrupted at several points by 
tying a knot and restarting in order to avoid excessive “pinso-stringmg” 
and narrowing of the anastomotic stoma. The small segment of jejunum 
above the anastomosis is suturod to the gastric wall to prevent intussus- 
ception. The terminal ileum ia now identified and mobilised. The upper 
end of the cut jejunum is anastomosed end-to-side to the terminal fieum 
15 cm (accurately measured) above the ileocecal junction. The suturing 
technique is similar to that used in the gastrojejunal anastomosis. 

Fine cutting needles and ordinary white mending silk are used through - 


Tbe abdomen is dosed in layers and an apron binder or a collodion 

dressing ia applied. . , . ... 

Food and water ore withheld for 3 days pastoperatrvely during which 
time physiologic saline solution (50 ml/kg) is given subcutaneously once 
daily. 
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diet employed by Shooh and Fogelson (6), Therefore the basic criterion 
for evaluation of therapiee is the average postoperative survival time. In 
using this measurement, standard statistical methods should be applied 
to determine whether the difference between average survival times of 
the treated and untreated groups is significant. In Table 1 two examples 
of such a calculation are given. 


TABLE 1 
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Example 2 (0) 







Caaetn dt?t 

10 

181 

82,203 

93 , 

2.04 , 

0.05* 

Hydroljwd oaaein diet 

15 

223 

171,603 

1 




^ “ <U£uwm of CTOcp m 
m - tmmbv of mJroalj In naL (rocp. 
fc* - pool ad nn ot of H -irk«xa from m— j*. 

P - pi* iMd from . ttiU* U wti*b t uul » nro tb» rmxabW Wl**» p k Q.GS <w Im, ih» id- 
tmwam k w t W »d It k •or.tf'ad*! that tha arobnbflftT of mj*h a dri- 

f«r*no* «rkf oi by ahAJu* do* to nidon MnpUi. arror k ha. U»n ■ in 100. 
t “ hot .UL* tWJ/ k*nllWnt. 

4 r - • - - — “ * 


D fling these name statistical formulae it can be calculated that 10 dogs 
would have to manifest an average longevity of approximately 20 weeks 
(or 4.8 weeks longer than the untreated controls) to produce a significant 
difference from our oontrol group (see Fig. 2). This calculation is based 
on the assumption that the degree of variation in the treated group would 
be of the same order of magnitude os that experienced in the control 
group. Expressed in another way, if 50 per oent of 10 treated animals 
were still alive at the end of 16-17 weeks we could conclude that the 
therapy had been beneficial. It should be emphasised that these hypo- 
thetical calculations hold only for comparisons made with our control 
group of animals 

The statistical method described here is applicable only when the fre- 
qucncy-dlstri tuition curve of incidence of mortality during successive 
tune periods does not differ significantly from normal. When distribu- 
tion is other than normal, such os is encountered when treatment is 
strikingly beneficial and prevents ulcers for many years in some dogs, 
then more complicated methods are required, such oa the time-mortality 
analysis of Blta (la). 

In calculating tho mean postoperative survival time It ia our practice 
to eliminate all dogs which bare not survived n certain arbitrarily prede- 
termined minimal survival time. This applies to both control and treated 
groups. We have chosen 30 days as the most suitable time for this pur- 
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veloping ulcer. A ga in excluding those two animals, all had died with 
ulcer by the fortieth postoperative week. 

Criteria for evaluation of therapy . — -When therapy is strikingly bene- 
ficial no special analysis of the data is required to establish the signifi- 
cance of tho results. For example, with enterogastrone (3), urine extracts 
(1) and aluminum phosphate (2) therapy the average s urviva l time was 
so much greater than in tho control group that the value of these treat- 
ments was obvious. However, at times it becomes necessary to decide 
whether a therapy which does not produce such striking results has had 
any beneficial effect or whether tho difference between control and 
treated groups is due mortd^ to chance variation. Wo then are faced with 
a problem in statistics and must select, some objectively measurable 


a «*to«ram-pct corr emu* dunm each powc 
— cu*vc-PfN corr ocas rr eso or each rewoo cosrvtj 
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WEEKS AETCT M-W OTtRATlOW 


Fxo. 2. — Time of death from ulcer in 112 Maim-WilUmwon dogi untreated except 
for a diet containing raw panereaa and lira-. These data do not include two animals 
which survived more than 90 weeks; tho* tiro (or L8 per oent of 114 animals) did 
not derelop ulcer in almowt 2 yr. 

criterion for making the statistical comparison between the control and 
treated groups. 

Three criteria have been suggested for use in evaluating therapies used 
in the experimental M-W ulcer: (1) postoperative survival time (most 
extensively used) ; (2) percentage incidence of ulcer in the control and 
treated groups, and (3) state of the ulcer when present, including ob- 
servations on tendency to heal or tendency to perforate. 

The question now arises: Which of these criteria (or combination of 
criteria) will give the best means of scoring the efficacy of various thera- 
pies? One fact is of dominant importance in making this choice, namely, 
that some therapies may be only mildly beneficial, delaying onset and 
progress of the ulcer but not preventing rt. In these cases the incidence of 
ulcer will not be different in the control and treated groups but average 
postoperative survival of the treated a n i m als will be significantly differ- 
ent- A good example of a therapy of this type is the casein hydrolysate 
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diet employed by Shoch and Fogelson (6). Therefore the basic criterion 
for evaluation of therapies is the average postoperative survival time. In 
using this measurement, standard statistical methods should be applied 
to determine whether the difference between average survival time* of 
the treated and untreated groups is significant In Table 1 two examples 
of such a calculation are given. 


TABLE 1 
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Example 1 (5) 
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Using these same statistical formulae it can be calculated that 10 dogs 
would have to manifest an average longevity of approximately 20 weeks 
(or -L8 weeks longer than the untreated controls) to produoe a significant 
difference from our control group (see Fig. 2). This calculation is based 
on the assumption that the degree of variation in the treated group would 
be of the same order of magnitude as that experienced in the control 
group. Expressed In another way, If 50 per cent of 10 treated an i mala 
were still alive at the end of 16-17 weeks we could conclude that the 
therapy had been beneficial. It should be emphasised that these hypo- 
thetical calculations hold only for comparisons made with our control 
group of animals 

'The statistical method described here ia applicable only when the fre- 
quency-distribution curve of Incidence of mortality during successive 
time periods doe* not differ significantly from normal. When distribu- 
tion is other than normal, such as Is encountered when treatment is 
strikingly beneficial and prevents ulcers for many years in some dogs, 
then more complicated methods are required, such as the time-mortality 
analysis of Bit* (l a ). 

In calculating the mean postoperative survival time it is our practice 
to eliminate all dogs which have not survived a certain arbitrarily prede- 
termined minimal survival time. This applies to both control and treated 
groups. We have chosen 30 days ns the most suitable time for this pur- 
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poee. We do not count animals which have failed to survive this minimal 
period because during this period annuals frequently die, with or without 
ulcer, from complications of the surgical procedure, Therefore death dur- 
ing this period is frequently not related to the ulcer development. Pneu- 
monia and intestinal obstruction are common causes of death during 
this period. The extraneous causes may end the life of the animal before 
an ulcer has had time to develop. It is a common error to consider ani- 
mals winch have died within a fow weeks of the M-W operation without 
ulcer to have been protected by some therapy they happened to be re- 
ceiving at the time. This, for example, was the origin of the histidine fad 
in the treatment of ulcer. The minimal requirement that any therapy must 
fulfil in order to be considered beneficial is that it produce a significant 
increase in the postoperative survival time. 

The percentage incidence of ulcer (corrected for minima l survival 
time) may be used as an additional criterion of efficacy when it Is 
applicable. If two therapies result in the some mean postoperative sur- 
vival time but the incidence of ulcer in one group is significantly lower 
than the other, then tho group with lower ulcer incidence may be con- 
sidered to have been more greatly benefited. However, statistical con- 
cepts must be applied here again, and in this situation the chi-square test 
(7) is the most suitable device for testing the significance of the differenoe 
in incidence of ulcer in the two groups. Practically, such a situation will 
rarely be met because therapies which decrease the incidence of ulcer 
will prolong the life of the animal. No accurate means of combining post- 
operative survival and ulcer incidence is available; the first is a measure- 
ment datum, the second an attribute datum. It is therefore recom- 
mended that ulcer incidence be used as a separate, adjunctive criterion. 

The healing tendency of the ulcer has been used as a criterion of the 
valuo of therapy by Sandweiss and co-workers (1). It presents difficulties 
because it c ann ot be measured objectively with accuracy. It is probably 
of value as an additional criterion. 
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STUDY OF GASTRIC ACIDITY IN MAN 


A. LITTMAN and A. C. IVY, Uniurtitw af lUinoit 


Systematic detbekinationb of the acidity of the gastric contents are 
usually made to investigate normal phydologio prooeesea, to compare 
the finHingg in certain diseases with tbe normal values and to evaluate the 
effect of various drugs and factora on gastrio secretion and the acidity of 
the gastric contents. 

General consideration t . — Hydrogen ion determinations are beet made 
on aspirated gastric juice. Use of the glass electrode at the tip of a 
stomach tube lifts been advocated for determination of pH in situ. This 
is not recommended because of uncertainty as to tbe position of the glasa 
bulb. Although tbe exact position of the tip of an aspirating tube is not 
known either, in removing a fluid sample, error due to differences in pH 
of gastric contents at different regions is minimised owing to mixing. 

Since gastrio secretion is subject normally to wide spontaneous fluctua- 
tions and man y physiologic stimulatory and inhibitory influencee, strict 
attention to details is required in the design of an experimental study. 

To insure statistically meaningful results the numb©- of cases must bo 
large if small differences are being evaluated. Although small differences 
may thereby be shown to be statistically significant, it is to be remem- 
bered that they may not necessarily be of physiologic or pathologic im- 
portance. 

Tbe Rehfuas type tube is preferred ordinarily, since the weighted tip 
simplifies complete emptying by changing the patient's position. Expecto- 
ration of saliva is advised to prevent swallowing and admixture with gas- 
tric contents. Gastric juice specimens should be filtered through game 
when large particles are present. Samples are usually titrated immedi- 
ately to “prevent loss of add,” but data have not been found to show that 
there Is a change in pH of a filtered specimen on standing for several hours 
in tho absence of large quantities of mucus. 

TOpfer’s reagent and phonolphthnloin are satisfactory indicators for 
titration of routine clinical specimens. In the case of Tdpfer’s reagent, 
however, the change from red to yellow occurs over such a largo pll 
nmgo (2.0— LO) that it Is difficult to obtain consistent results at tho 
proper level. 'When using phenolphthalein, with which tho change from 
eolorlew to pink may occur between pH 8.3 and 10, erroneously high 
levels of "combined acid” may be reported. For more accurate results 
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Hollander and Pennor (6) recomraendod tho use of bromphenol blue and 
phenol rod aa indicators. 

Some investigators discard samples containing bile. This results In the 
waste of many specimens and, in our experience, is not necessary if one is 
studying the acidity of the gastric contents rather than that of pure 
secretion. In m an y instances it would be difficult to decide whether or 
not there was enough lf bilo tingo” to indicate a significant amount of 
enterogastrio regurgitation. The presence of bfie in the specimen, how- 
ever, should always be recorded. 

Study of basal secretion , — This is difficult, as evidenced by the many 
conflicting reports. Since the volume of secretion is small, incomplete 
aspiration may result in a relatively large error. Particularly in studying 
nocturnal secretion, when ono does not wish to awaken the subject to 
change his position, such errors may be large. 

Many reports on basal secretion have been based on aspirations at 
intervals of 1 hr or more. It is not possible in results obtained by .this 
method to differentiate hypersecretion from retention. Hence to study 
acid output it is necessary to employ continuous gastric aspiration or 
complete emptying at no longer than 10 or 15 min intervals. Mechanical 
continuous suction devioea are unreliable unless under constant observa- 
tion. We have not found that continuous aspiration provides more 
accurate results than emptying at 10 or 16 min periods. 

One of the most important criticisms of work published oc basal secre- 
tion has been selection of subjects. Those designated as “norm ala’' should 
have no evidence of either organic or functional disease affecting the 
gastrointestinal tract. Ideal controls should resemble the experimental 
group as closely as possible except for the condition or disease under 
study. In the case of patients having peptic ulcer, the groups should be in 
the same status at the time of testing, i.e., in regard chiefly to pain, 
presence of an ulcer niche and prior therapy. 

Finally, one must be certain that the secretion obtained ia actually 
basal. A neutral environment is provided for the tests, avoiding cep hah c 
or “em otogenic” secretory stimulation. Fasting for at least 10 or 12 hr 
is required to be certain that the intestinal phase of gastric secretion has 
subsided entirely. There is no evidence that presence of the gastric tube 
has an important effect on secretion. 

Test meals . — Those consisting of food or food extracts have been used 
widely. The Ewald type is composed of bread, cookies or similar cereal 
product, with water or tea. Using this test Vanxant and her associates 
(12, 13) have analysed several thousand cases and obtained important 
information on gastric secretion in normal persons and subjects with 
various diseases. Because tho secretory response la so variable in this 
procedure its research use is necessarily limited to large series of patients- 

To provide a stronger physiologic stimulus, meat extract* have been 
employed in aqueous solution. This technique has liecn improved by 
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Wilhelmj ei ai. (14) to include phenol red for the purpoee of studying 
gastric emptying and duodenal regurgitation into tho stomach. Occa- 
sionally by this method it ha* l>een calculated that hypertonic concentra- 
tions of hydrochlorio acid were secreted. This result has been attributed 
to water absorption, the test meal being hypotonic (1, 10, 14). It has been 
recommended, therefore, that tho test meal be of isotonio composition 
(1). Although the Wilhelmj procedure is of value for research purposes, 
it offers no clinical information whioh cannot bo obtained by simpler 
methods. 

With these and other food test meals, information on emptying time 
can be obtained satisfactorily. As to the effect on gastric acidity, how- 
ever, results tend to be obscured because of variability in the cephalic 
phase of secretion and in tho buffering effect of the food substances. 

Alcohol haa been used extensively for experimental stimulation of 
gastric secretion, usually to compare the response in normal subjects with 
that in patients having peptic ulcer. For this purpose the caffeine test 
meal la reported to be superior, showing distinct qualitative as woll as 
quantitative differences (11). 

The technique for the caff an* test meal (11) includes the precautions 
described above for gastric analyses. Following collection of basal secre- 
tion for three 10 min periods, 200 ml of warm water containing 0.5 g of 
caffeine with sodium bensoate is injected into the stomach through the 
tube. Thirty minutes latex the gastric contents are emptied and dis- 
carded after a sample has been titrated. Thereafter complete aspirations 
are made at 10 min intervals for 90 min or until the basal level is reached 
again. 

The secretory response to histamine, a maximal stimulus, is more con- 
stant than that to either alcohol or caffeine. For studies involving re- 
peated tests on the same subjects this property is most valuable. 

The histamine test which we use is modified from that of Bloomfield and 
Pollan d (3). After collection of basal samples, histamine in the dose of 
0.01 mg/kg of body weight is injected subcutaneously. The stomach is 
emptied at 10 or 16 min intervals, usually for 90 min. 

The insultn test has been applied by Hollander (6) to study of patients 
subjected to section of the vagus nerves. Insulin -induced hypoglycemia 
apparently requires the presence of vagal fibere to the stomach to stimu- 
late acid secretion. A positive response to the test therefore indicates that 
vagal innervation to tho stomach has not been completely interrupted. 
On the other hand, a negative response may result not only from com- 
plete vagus section but from inadequate or excessive drop of blood sugar 
levels or transitory refractoriness for unknown reasons. To be sure of the 
meaning of a negative result it i* thus necessary to perform repeated 
tests, each with blood sugar determinations. 

To study acid secretory response quantitatively, ns in the case of 
basal secretion, continuous or frequent complete emptying is required. 
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When a fractional* procedure is used, removing 5-10 ml at each period, 
the data aro incomplete because only acid concentration can be calcu- 
lated, instead of the more important figure for total output. Unless com- 
plete aspirations are made, additional error results from emptying 
through tho pylorus. 

Effects of drags . — -Tho offccts of drugs may be examined from two 
standpoints, tho infiuonco on tho quantity of acid secreted, or that on 
the acidity of tho gastric contents. 

In study of parenteral secretory stimulants or depressants a complete 
aspiration technique Buch as that described earlier is required. In study 
of the continued effect of drugB acting within the stomach, such as 
antacids, withdrawal of small samples is advisable. 

Since the chief uao of antacids is in the treatment of peptic ulcer, 
usually alternating with milk and cream, the most direct method for 
evaluation of such drugs is study of their action as they are intended to 
bo used clinically. One such technique, used extensively by Kiraner and 
Palmer (7-0), consists of hourly administration of the antacid, with 90 
ml of milk and cream between doeea of the drug. Samples are aspirated 
immediately before each dose of antacid and of milk and cream. 

Primarily for purposes of comparison with similar drugs, antacids may 
be studied for their effect on gastric acidity induced by stimulatory 
agents. For this purpose histamine may be preferred because of the 
greater uniformity of secretory response in given subjects (3). Evalua- 
tion of results thus can be made by comparisons between acid levels when 
the antacids ore uaod and oontrol levels. 

This method may be modified by using the blockf method (2), in 
which the gastric contents are emptied at each period, the volume 
measured and all but a 10 ml aliquot returned to the stomach through 
the tube. Such a technique offers more complete information than any 
other, enabling approximate estimation of the total amount of acid 
secreted as well as effect of an antacid, a test meal or a drug on gastric 
emptying. 

It is critical in the study of neutralixaticm by antacids when using 
strong secretory stimulating drugs that the dose of antacid be carefully 
considered. If the done of antacid is too small or too large compared to 
acid output, differences between various drugB in regard to buffering 
ability may not be observed. Use of a large volume of antacid is pre- 
ferred to decrease the proportion of this drug lost when samples are with- 
drawn. 

Units . — As Hollander (4) has clearly explained, the terms "clinical 
units" and "degrees of acidity" should be discarded. It is most useful to 
describe amounts of hydrochlorio add as milligrams or mllUoquivalente 


* The term “fractional," introduced by Behfctm, appiioa to any analyifr r*oo*dor« in 
M ,1 of the material, ratabiln* a «naU 
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and conccniralion aa milligrams per milliliter or milli equivalents per liter. 
Since mflliequivalents per liter is numerically equal to '‘clinical units,” 
conversion offers no difficulty. 

REFERENCED 

J. Bantks, J.; Hollaudci , F., and Gliekstoln, J ; Effect of fluid absorption on 
dilution indicator techmqno of gastric analysis, Am- J. Physiol. 181: 470, 
1040. 

2. Bloomfield, A. L., and Keefer, C. 8. : Method for contlnuoro quantltattre esti- 

mation of gastric necretion and discharge in man. Arch- Int. Med. 87: 810, 
1026. 

3 . Bloomfield, A- L., and PoDand, W. 8.: Diagnostic value of studiee of gastric 

secretion, J. A- M. A. 92: 1508, 1920. 

4. Hollander, F.: What is pH? Gastroenterology 4: 497, 1945. 

6. Hollander, F.: Insulin test for presence of intact nerve fibers after vagal opera- 
tion* for pep tie uloer, Gastroenterology 7 : 607, 1946. 

6. Hollander, F-, and Pdnner, A : History and development of gastric analysis 

procedure: II, Am. J. Digest. Dis. 5: 786, 1939. 

7. Klrsner, J. B. : Further study of effect of various antacids on hydrogen-ton con- 

centration of gastne contents. Am. J. Digest- Dis. 8: 53, 1941. 

8. Klrmer, J. B., and Palmer, W. L.: Effect of various antacids on hydrogen-ion 

oemoentration of gastric contents. Am . J. Digest. Dili- 7 : 85, 1940. 

0. Palmer, W. L.: Fundamental diffioultie* in treatment of peptic ulocr, J. A- M. A. 
101: 1604, 1933. 

10. Pwiner, A.; Hollander, F., and Post, A.: Use of phenol red as dilution indicator 

In gastric analysis. Am. J. Digest. Dis. 7: 202, 1940. 

11. Roth, J. A.; Ivy, A_ C-, and Atkinson, A. J.: Caffeino and “peptic” nicer, 

J. A. M. A. 126: 814, 1944. 

12. Vansant, F. R-, ri al: Normal range of gastrlo aridity from youth to old age. 

Arch. Int. Med. 49: 846, 1932. 

18, Vansant, F. R-, ri aL: Changea In gastne acidity in peptic uker, cholecystitis 
and other diseases. Arch. Int. Med. 62: 616, 1983. 

14. Wflhelmj, C. 1L; O’Brien, F. T., and HID, F. C.: Improved gastric teat meal and 
study of secretory curve in whole stomach pouches and in normal Intact 
stomach, Am. J. Physiol. 116: 6, 1936. 



SECTION IV 


Cellular Respiration 

associate editor — Van R. Poller 


INTRODUCTION 

Tim study OIF cellular respiration has a* its goal the collection of data 
that will lead to an understanding of the physiology of the organism as 
a whole in terms of its components; In recent years investigators have 
become impressed with the need of correlating the events that occur at 
one level of organisation with thoeo that occur at higher and lower levels 
of organisation. The various methods included in this section are not 
alternative approaches: each method provides data that can supplement 
the information obtained by the other methods and which, in turn, must 
be supplemented by them- Thus the homogenate technique yields infor- 
mation as to the concentration of specific enzymes in tissues and is also 
useful os a basis for study of the effect of various Inhibitors on single 
eniymes. The analysis of tissues frozen in vivo provides some insight 
into the balance between the individual enzymes in the living animal, 
while the slide technique measures the over-all respiration of the tissue 
sample. The measurement of respiration of the intact animal in turn re- 
flects the sum of all the component tissues and may reveal metabolic dis- 
turbances that occur in tissues in general. 

A fifth approach is the study of single organs by means of the Flck 
principle (pp. 191-217, 224 ff.). By simultaneous measurement of the rate 
of blood flow and of the amount of oxygen (or metabolite) in the arterial 
venous blood of the organ, the rate of metabolism can be obtained. 

Tew physiologic conditions have been studied from all five ap- 
proaches. It is relatively easy to demonstrate effects of inhibitors on 
enzyme systems, but the mere demonstration that a given enzymo can 
be inhi bited does not mean that this fact Is of physiol ogle importance, 
since the physiologic effects may be caused by the interference with an 
entirely different and more sensitive enzymo. 

374 
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An example of a compound that has been studied at several levels of 
organisation is hydrocyanic acid. The lethal action of this compound is 
well known, and studies with tissue slices have shown that it prevents 
the uptake of oxygen. Studies with tissue homogenates show that cyto- 
chrome oxidase is inhibited at cyanide concentrations that have essen- 
tially no effect on other emymo systems. The effect of cyanide has been 
studied in the case of intact animals by Dr. Robbie, and its effect on the 
intact brain baa been studied, by the methods of f reeling in situ by Olsen 
and Klein (Olsen, N. 3., and Klein, J. IL : J. BioL Chem. 167 : 739, 1947). 

In their presentation of the techniques in the four sections of this chap- 
ter, each author has foDowcd his own interpretation of the goals set 
forth by the Governing Board. The section on the respiration of small 
animals represents an extension of the use of the Warburg apparatus and 
is noteworthy because it employs the standard Warburg manometer to 
measure the rate of oxygen uptake in contrast to the scores of devices 
that have been built according to individual design. It would obviously 
not have been feasible for Dr. Robbie to discuss all of the devices that 
have been employed since the time of Atwater for the measurement of 
oxygen consumption by intact animals. On the other hand, Dr. Field 
was able to cite a largo number of relevant papers, all concerned with 
measurements with a standard piece of apparatus, the Warburg rcspi- 
rometer. 

Although the goal of having each method repeated by a second investi- 
gator is highly desirable, It >8 a good deal less feasible for a method of 
study than it is for a method of synthesis or preparation, because the cri- 
teria of excellence are muoh lees objective and judgment is more likely 
to involve opinion. However, we have been particularly fortunate in 
securing the co-operation of Dr. W. FI Stone and Dr. H. G. Wood for 
comments on the in situ freexing technique and on the homogenate tech- 
nique, respectively. 


— Yaw R. Pomn 
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Cellular Respiration 

ABBOCIATK ED1TO II- — Vflrt R. PolltT 


INTRODUCTION 

The 8TUDT of cellular respiration has as Its goal tlio collection of data 
that will lead to nn understanding of tho physiology of the organism as 
a whole in terms of its components. In recent years investigators have 
become impressed with tho need of correlating the events that occur ot 
one level of orgnni ration with those that occur at hlghor and lower levels 
of organisation. Tho various methods included In this section are not 
alternative approaches: each method provides data that can supplement 
the information obtained by the other methods and which, in tum, must 
bo supplemented by them. Thus tho homogenate tcclmique yields infor- 
mation as to tho concentration of specific onxymes in tissues and is also 
useful as a basis for study of tho effect of various inhibitors on single 
eniymca. Tho analysis of tissues froren in vivo provides some insight 
into tho balanco botween tho individual cnxymes in tho living animal, 
while the slice techniquo measure* the over-all respiration of the tissue 
sample. The measurement of respiration of the intact animal in turn re- 
flects the sum of all tho component tissues and may reveal metabolic dis- 
turbances that occur in tissues in general, 

A fifth approach is the study of single organs by means of the Fick 
principle (pp. 191-217, 224 ff.). By simultaneous measurement of the rate 
of blood flow and of the amount of oxygen (or metabolite) In the arterial 
and venous blood of the organ, the rate of metabolism can be obtained. 

Few physiologic conditions have been studied from all five ap- 
proaches. It is relatively easy to demonstrate effect* of Inhibitors on 
ensyme systems, but the mere demonstration that a given enxyme can 
be inhibited does not moan that this fact is of physiologic importance, 
once the physiologic effects may be caused by the interference with an 
entirely different and more sensitive ensymo. 
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Warburg manometer at the end of the stopcock- The connection usually 
used for a Warburg flask- Is closed off with a cap made by cementing a 
piece of rubber stopper into a short piece of large rubber tubing. The 
second and third chambers are interconnected, and a lead from them 
goes to another Warburg manometer tube. The pump continuously cir- 
culates air through this part of tho system. 

Pump . — Tho pump consists of a */u X 22 in. piece of soft gum nibbor 
tubing coiled once inside a cylindrical hole in a wooden block, with each 



Fio. 1. — Constant Bow rtwpirorartrr u*ed in meuuring O, consumption of * white 
nU. The rubber tube pomp cootinuouilj circulate* Mr through tho chamber ooaUln- 
Lng the animal and through the adjoining one in which COi la removed. The left-hand, 
empty chamber acta aa therm oharoroeter. 

end passing through tho block to attach to glass connecting tubes (Fig. 
2). Air Is driven through the rubber tubing by a free-moving wooden 
roller which pushes the gas ahead of it as it squeezes the rubber. TTdw 
roller is driven by friction contact with another roller of about the same 
•lie which is coupled to tho drive shaft of a reducing gear on an electric 
motor. Ball bearings for tho main shaft are mounted In the detachable 
wooden (root and back plates. If a good quality of tubing is used and the 
rollers are well fitted so that compression is no more than that necessary 
to drive tho air, the rubber will last a long time. It can be checked for 
lcnla by clamping ono end and forcing air in at tho othor end with a glass 
syringe while tho tubing is under water. The pump with dimensions 



MEASUREMENT OF RESPIRATION OF INTACT 
ANIMALS WITH THE CONSTANT FLOW 
RESPIROMETER 


W. A. JtOllllIK. Stuli- r/m'rrrrff •/ /or>t 


Measurement of oxvoen ronsumpt ion in the conventional Warburg 
manometer is onlinarily limited to materials which arc sufficiently 
aomted by slinking of the liquid medium. Tlie constant flow respiromotrr 
retains the advantages or the manomctric principle nnd still allows ob- 
servations of respiration of intact animals whoso sire exceeds the capac- 
ity of tho direct Warburg system. This is accomplished by oernting the 
system with a continuously Honing stream of gas rntlier tlian depending 
on slinking to obtain oxygen equilibrium. Tho respirometer is essentially 
a constant volume, Warburg-type manometor equipped with n pump 
to circulate air continuously (0, 7). Since the chambers are submerged in 
n thcrrnoregulated water Iwith and a therrnobarometer is present to cor- 
rect for changes in temperature or pressure, the calculation of results is as 
simple ns with the ordinary Warburg technique. Sensitivity of tho sys- 
tem is sufficient to permit observations of oxygen consumption at fre- 
quent intervals, and in this way it is possible to obtain a continuous rec- 
ord of tho respiration of the animal being studied. 

Tho importance of correlating studies of isolated tissues and en*yme 
eystoms with measurements on intact animals is obvious, and the method 
provides a convenient and sonsitivo way of carrying out the experiments 
on whole organisms. It is useful also for basal metabolism and respiratory 
quotient determinations, for observations on aquatic farms and for ex- 
periments on tho cffocts of drugs and anesthetics on tissue respiration. 

The following pages present construction of the apparatus and use of 
the method In measurements of the respiration of small mamm a l s, 
aquatic animals and certain types of isolated tissues that are disrupted 
by shaking. 

APPARATUS 

figure 1 choirs equipmont designed for measurements of respiration 
of small laboratory animals such as white rats. It consists of a rubber 
tube pump, three plastic chambers immersed in a transparent, plexiglaa, 
constant temperature water bath (8) and two Warburg manometer 
tubes. The first chamber acts a* a tharmobarometer and is attached to a 
2715 
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All gas oonnoctions with the chambers ore made through holes in the 
top plate by short pieces of plastic tubing cemented to the plate. 

The top plate is equipped with lugs on both sides; by inverting the 
plate and using a set of chambers 2’/> in* in diameter and 4 in. deep, 
sensitivity is increased about six times. With the small containers the 
respiration of mice or infant rats can be measured as precisely as that of 
larger animals in the big chambers. 

8 in co several connections arc made with rubber tubing, the equip- 
ment should be tested occasionally for leaks. This may be done by setting 
it up without respiring material and comparing the readings with those 
of the thennobnrometet. If tight-fitting connections arc made there is 
seldom any difficulty. 

After the chambers are prepared and the animal is in position the top 
rings are covered with a sealing material,* the chambers are twisted into 
the locked position, and the plastic plate with the three attached con- 
tainers is set Into place in tho water bath. Tubes from the pump are con- 
nected and the air flow started. 

Air moves from the pump to the third, or right-hand, chamber, which 
contains the animal. It Is led cut through, a glass tubs that is extended to 
the bottom of the oontainer to prevent accumulation of CO», then passes 
in a glass tubing bridge to the middle chamber. Tho air here bubbles 
through alkali which removes tho CO*, then returns to the pump and 
repeats tho circuit. A lend from the top of the third chamber goes to a 
manometer tube, and change of pressure within tho system is indicated 
by a change in the column of manometer fluid. 

Aquatic animal respiration measurements , — The same apparatus may 
bo used for measuring respiration of aquatic animals, because of the 
limited solubility of oxygen in water.f As oxygen is removed from the 
water by tho animals it is replaced by the supply in the air, and the re- 
sulting drop in gas pressure is measured manometrically. It is necessary 
only to remove the (Xh which is produced and to bubble the air through 
tho water in tho chamber containing the animal at a rate rapid enough 
to maintain equilibrium between the free and the dissolved gas. Since the 
rate of respiration of cold-blooded animals is usually low, the rato of 
circulation employed in the apparatus described for use with rate Is or- 
dinarily sufficient. Carbon dioxide ia largely retained in sea water if the 
buffering capacity is not overloaded, but the simplest way to remove the 
gas is to use tubes of alkali in the second chamber. 

Mxcromodificalion . — The principle of the constant flow rospirometer is 
not limited in application to measurement of large volumes of gas ex- 
change. Figure 3 shows a series of small respirometers with aenritirity 
equivalent to tliat of the conventional Warburg manometers with 
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*l>ccifiod in the figure delivers nlwut 250 m) of alr/mln. If more circula- 
tion It* required, several lrngtlw of tubing may Ih* fitted into the fame 
block n»d Interconnected nt the end*. 

Chaml*T *. — Transparent plastic is good material becnuM* it is im- 
jKTnienble to gam* and is worked rosily witli ordinary woodworking 
tools. Picees arc remolded together by flowing chloroform along the con- 
tacting surfaces with a medicine dropper pipet , or n cement may be made 
by dissolving wraps of thn plnstic in chloroform to form n tliirk paste. 
This can 1*0 applied with n glim syringe, but the glassware must be 
droned with chloroform Immediately nfter use. Surfaces may bo freed 
from grease with carbon tetrachloride. 

The three identical clmmlter* for the rat re spirometer ore made of lu- 
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Fjo. 2. — Cowtruction of rubber tube pomp metl to circulate air through the retpi- 
romrter (Fig. 1). Front cover U rernpred to ibow details. 

cite tubing of */» in. wall thickness, 4*/« in. diameter and fl*/« in. depth. 
They are closed at the bottom by cementing on a plate of plastic. An 
overlapping ring of */« in. plastic with a circular opening large enough to 
admit a rat is sealed to the top. 

A rectangular sheet of */« in. plastic of a six® to fit conveniently into 
the water bath is braced with two 1 in. strips of */« in- plastic (Fig. 1). 
The flat upper surfaces of the top rings of the cham bers fit tightly against 
the underside of this plate and are locked into position readily with a 
twist. The simple inclined plane locking device is simi lar to that on pres- 
sure cookers. The beveled, eloping edges of the chamber ring fit under 
three *mAll blocks of plastic cemented to the plate, and when the cham- 
ber is turned the surfaces become tightly locked together. The principle 
of this connection is seen in the circular cover and the logs on the plastic 
block in Figure 3. 
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minroflasks. They nrr operated wit h 1 ml of fluid, and total gas space is 
npproxlmntcly 0 ml. 

The pump is mnde of plnstic ntid is similar In construction to the larger 
one (Hr. 2). A pln.it Ip roltor rolls over five coil* of Vi» in. thin-milled 
nihl>rr tubing, one roll for each unit, and forces the air into conical 
rluiml>crs in the transparent block through a hole in each of the covers. 
Short pieces of glass tubing lend the air from the connections on the 
cover* to the Imttom* of conical pyrex cups containing tin? animal or 
tissue to l>o studied. These cups arc mnde from 50 ml centrifuge tubes by 
cutting off the eoniml l>ottom. The nir then passe* into a side well in the 
plastic block which contnins o.O ml of alkali on filter paper and returns 



Kia. 3.— PUflUc block and pump of tbc microform of the constant flow rr*pirometrr. 


through a glass tubo to tho othor end of the rubber tubing nt tho pump. 
An opening in tho front of each chamber leads to a manometer tubo 
which indicates pressure cliango. One chamber is run empty to servo as a 
thermobarometor. 

Both block and pump arc submerged in a constant temperature water 
bath, with tho pump fitting into a stainless steel box to keep it dry. If 
humidity is high it is preforablo to use brass bushings at the ends of the 
pump shaft rather than the steel ball bearings illustrated. 

The microsystem illustrated is still in on experimental stage of de- 
velopment. It could perhaps bo improved and simplified by designing 
glass flasks that would fit directly onto tho manometer tubes and still 
provido for aeration by flow from the pump. This would aOowfor more 
rapid temperature equilibration and eliminate certain connections. 

Sensiiinly - — The sensitivity of the respirometer varies primarily with 
tho volume of the gas space, and it con bo adjusted to the type of animal 
being studied by altering the aixe of the chambers. Table 1 indicates tho 
correspondence between gas volume and manometer fluid readings for the 
three types of systems described. It is obvious that it is the actual gas 
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apace tha t is important in Oj consumption measurements and that the 
fluid volume has little influence except as it affects the gas volume. 


TABLE 1 . — Covpabioox or Gas axd Fujid Volume* axd Cobbewoxdiso 
Coxbtaxti to* Vaicoub Trrt* or RranBourraa* 


Ttt* or 
Ramorrm 

Vo*, or 
Oia 8r*c», 
lit 

' ' 

Yon or 
Liqci», 

Ml 

K 

Vix. or O. 
Eqcttalxxt 
T eiilwCaanac 
«* UironTt* 
Fujro, M 

1, Large (for rata) 

2, Small (for mice) 

3, I*rge (for aquatic ani- 
mals, with 1 1 of wator) | 

4, L#rge (tame raa toL ai 
f3 hot no water In ani- 
mal chamber) 

5, Micro type 

M50 

020 

2300 

2800 

6 

00 

30 

1060 

GO I 

1 0 

0.831* 

0.050* 

0.257* 

0 254* 
o.&jt 

831 

56 

257 

264 

0 55 


* Far rtnlti unltJOk 
f Far rwxlu uilWCk 


DETAILS OF USE 

Calibration. — To calculato the constant used in computing Oj con- 
sumption it is necessary to knew the volume of fluid and of gas space in 
the system. With the large chambers it is convenient and sufficiently 
accurate to determine total volume by simply measuring the amount of 
water required to fill the containers. Tho volume of the glass and rubber 
tubing is such a small part of the total that it may be satisfactorily 
estimated by determining the lengths and multiplying by the unit 
volumes. The volume of the animal may also bo estimated from its 
weight. 

After total volume has been measured it is possible to calculato tho 
constant for the apparatus from the constant volume manometer equa- 
tion (1) : 


(v 373 r \ 

' — ( ° alralatc teap-O? watrr bath r ° \ 


where K — constant for the respirometcr, V 0 — volumo of gas space in 
system in ml, V r — volume of liquid In system in ml, a *■ solubility of 
Oj in water (ml of gas at N.T.P. dissolved m 1 ml of liquid) (at 15 C, 
a - 0.034; at20C, a - 0.031;at28C, a - 0.027;at38C, a - 0.023), 
and P , — 10,000 mm with Brodie’s solution as the manometer fluid, J If 
a thermobarometoT- corrected manometer reading is multiplied by this 
coolant, K, for the system, the result is the number of milliliters of O, 
consumed for the time interval measured, expressed in terms of normal 
temperature and pressure. 


b prf ri m U?' d S “ olTl ? 1 * V * of *° 4 lura rhinr H'- * «of indium Uuro- 

■?**?!: *?*;**•* v* drop' oi Alcoholic thymol rolatxw and mrnor Uur or rortijl rwlrt 
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Sample calculation: In the large respirometer chambers used for r*ta, the total 
volume of both containers, rubber tube pump and connecting glam tubing la ap- 
proximately 3SOO ml. With a 150 g rat in the first chamber and 00 ml of alkaline 
COf-abeorblng tolutlon In the tubes In the second, tho pis volume Is reduced to 
about 3050 ml. In deriving tho constant for a temperature of 28 C, the equation 
becomes 

aMojS + flsoxo.ran 

K Io^5o °- 331 - 

The aquatic animal respirometer constant Is calculated similarly, With 
proper allowances being mado for the volumo of water used. 

AYlth tho microform of tho apparatus (Fig. 3), volume determination 
with water is not sufficiently accurnto and mercury is unsafe because 
cleaning may not remove it completely from plastic and rubber. How- 
ever, tho differential reading tecliniquo in which the volume of fluid in 
tho flask is varied and tho response of the manometer column is noted l* 
convenient and accurate to within a few percentage points. (For detail* 
of the method, sec Umbrclt et af. (10).) 

Reading and calculation. — Since one end of tho manometer U-tubc* 
attached to tho respiroraetcr Is open to tho air, use of a thennobarometrr 
is required to correct for changes in tempomturo and barometric pres- 
sure. The thermobarometer chamber should contain a smnll quantity of 
water to maintain a vapor tension equivalent to that in the measurement 
system. Each reading of the respiromoter is corrected by uso of the cor- 
responding therraobarometor reading before it is multiplied by the con- 
stant, K, for the system. 

Example: In a typical experiment a 155 g rat was placed in the chamber of 
tho respirometer, an o xyg en bag connected to the top opening of the manometer 
tube, and air circulated through the system for 20 min to assure equilibration. 
The stopcock was then tarnod 180* to Interconnect the respirometer and manom- 
eter fluid column, the dewed column of fluid wm set at tho 160 mm mark, 
and a reading was taken of the open left-hand column. The manometer tube 
connected to the thennobaromoter chamber waa also set at the 160 mm mark 
and its open ootumn was reed thnllnriy. After 10 min the closed ends of the 
two column* of fluid were meet at the 160 mm mark and reading* were taken 
of the left-hand columns. Reading* were: 

Rant** Rwnowtn 

Start • H3 

Ten mlnuU» 23 

Difference 121 

Corrected reaplrometeT reading — 121 + 3 - 124. 

(Since the thermoborometer fluid moved in the direction opposite that in the 
rmmromoter column, the amount of this reading most be added to the differ- 
ence in the two respirometer readings. “When it move* In the *ame direction it 
should be subtracted.) Oxygen consumption is then ceioniated fl* follow*: 
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{(UUNim 

(O* CtWWCKFTtOX) nJMM) CKtrWTilTT)** 

X - k X K 

x - 134 X 0.331 

x — 41 ml Ot trad in 10 mfn. 

TTwre is some fluctuation in height of the manometer fluid column at 
the time the roller in the pump passes over the outlets of the rubber 
tubing. With the large pump the manometer can be read at the middle of 
the cycle, and with the smaller outfit the pump can be stopped at a 
neutral position while the reading is taken. 

A short lag In response of the manometer fluid to a c hang e in rate of 
respiration may occur, owing to delay in removal of CO* This depends 
on the rate of circulation of air throu gh the system and is ordinarily un- 
important unless there is a sharp change in rate of carbon dioxide output. 

Equilibration . — Temperature equilibration with air in the system is 
rapid, and experiments with mammals may be started 20 mm or so after 
the chambers are immersed in the water bath. With aquatic animals the 
water should be at about the temporature of the water in the bath when 
the experiment is started or a long equilibration period may be necessary. 
Since plastic transmits heat slowly, the block of chambers used in the 
microapparatus should be allowed to come to water bath temperature 
before the experimental run is started. 

Oxygen equilibrium between water and air is attained rapidly in ex- 
periments on aquatic animals. Usually the lag in manometrio response to 
a change in rate of respiration of the anhnal is insignificant. 

Carbon dioxide absorption . — Two tubes of 10 per cent KOH in the 
center chamber remove COi from the air as it passes thro ugh. More ab- 
sorbing surface is presented if pads of pure cotton gauie (containing no 
filler or starch) are placed in the upper portion of each tube in such a 
way that they dip into the alkali. If the rate of respiration is hi gh it is 
advisable to put a layer of the alkali-soaked gauxe on the floor of the 
second chamber to remove any COi which might pass through the solu- 
tions. 

When the aquatic animal respirometer is used with sea water, removal 
of CO* results in some increase in alkalinity (11), which may be del- 
etericrai if pronounced. A buffer can be added (3), but ordinarily this is 
unnecessary, since CO» production of the respiring material is usually 
sufficient to maintain the normal pH. When the volume of sea water is 
relatively large, the change in pH is insignificant for experiments of a 
few hours’ duration, even if there is little COa production. 

Replacement of oxygen . — Addition of 0> to replace that used by the 
animal is made by means of a rubber anesthesia bag filled with the gas 
and attached to the top opening of the manometer tube. The system is 
brought bock to original Oi tension at any time by turnin g the ma- 
nometer stopcock and allowing the gas to flow’ in. If the rubbor bog is left 
on the water under tho cover of the constant temperature bath the gas 
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rrmtiins at a temperature bo nearly that of the air In the extern that a 
re-equilibration period of nltout min la miftiriont after Oa has been ad- 
mitted. Rnmn water may l>o left in the with the Oj to keep the gas 
saturated, but. this 1 r usually unimportant pince tlx? amount of gas ad- 
inittrnl is alight compared until the total volume of the system. 

Respiratory quotient drfrrrmrnih'ona.— -The CO, output of small mam- 
mals can Iw measured with the constant flow respirometer by absorbing 
tho gas in Ba(OII), and titrating with ITC1 (0). By means of the Y-tube 
at the inlet of tho center chamber (Fig. 1), the nir from tho container 
holding tho animal may be directed through either the chamber or on 
auxiliary set of two alkali tubes suspended in the water hatli. During the 
preliminary equilibration period or until the animal becomes quiet the 
(low of gas is routed through tlie outer tube*? containing 10 per cent 
KOII solution. At tho Htart of tho measurement period the clamp on the 
tubing ifl shifted to direct tho gas through the center chamber which 
contains 500 ml of standardired 0.1N Ba(OII), solution. At the end of the 
run tho clamp is again shifted, and the Ba(OII), is removed and titrated 
with 0.08N UC1 to phenol pi ltlialcin indicator. Tho 0, uptake is ob- 
served for tho same period by means of tho manomctric readings, and 
from tho two determinations tho respiratory quotient can bo calculated. 

The Oj consumption in milliliters for a given measurement period may 
bo converted to mM of Oa by dividing by 22.4. To determine mM of 
CO, produced, tho difference in tho amount of IIC1 used in n out milling a 
“blank" 500 ml samplo of 0.1N Ba(OH), and that used in neutralizing m 
sample after a respiration measurement period is noted. Each ml of 
0.08N acid thus used is equivalent to 0.04 mM of CO,- The respiratory 
quotient may then bo obtained by dividing the mM of CO, produced by 
tho mM of Oa consumed. 

ExampU: Observed O, consumption of a 165 g rat for 1 hr was 213 mL 
213 + 22.4 - 0.60 mM of O* 

To neutralize 600 mL of 0.LN Ba(OH), eolation tested as a blank, 623 ml of 
0.08N HCt was required. The 600 ml of Ba(OH)» aolntkm used to absorb the 
CO, produced by tho rat required 440 ml of acid for neutralization after the 
experimental nun The 177 ml difference was doe to reaction of the hydroxide 
with CO, from the rat respiration. 

177 X 0.04 - 7.08 mM of (XV 
Tho respiratory quotient la then: 

7.08 + 9.60 - 0.74. 

Efficiency of CO, removal by Ba(OH), depends on the amount of 
fluid surface exposed to the gas a* it passes threwgh the tubes. The rate 
of gas flow, size of the bubbles and length of the fluid column are the im- 
portant factors, and these may be varied to insure complete removal. 
Adequacy of removal may be checked for a particular set-up by ob- 
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serving whether any carbonate is precipitated in a test Ba(OH)* solution 
placed in a trap tube after the collecting solution. Caro must be exorcised 
during manipulations to avoid contamination of the Ba(OH)a solution 
by COi from tho air. Carbon dioxido passes through rubber tubing to 
some extent, and connections behvecn tho animal chamber and tho ab- 
sorbing unit should have as little exposed rubber surface as possible. 

l)oc in cyanide inhibition aludicz—Th-c apparatus is particularly well 
suited for observations of the effect of cyanide on Oj consumption. Cy- 
anide inhibits tissue oxidations by combining with intracellular heavy 
metal eniymc catalysts. Sensitivity varies with the type of tissue. In 
rats, for example, tho sensitive nervous system may be inhibited, causing 
death at a concentration which still permits normal heart action. It may 
poeaibly be more accurate to determine the tolerance of the central 
nervous system to cyanide by observing the phjTnoIogic effects of specific 
concentrations on intact animals, rather than to make inhibition meas- 
urement* on brain tissue slices. 

TABLE 2. — Calcic* OTAjnrox Mixtx'm* ton Us* at 28 C pc Exnmmom wren 
Mauvals 


HON, Pm 

C*(C?f>i 

Cmctmirw*. 

000 

1.24 

800 

1.14 

400 

1 00 

300 

0.88 

200 

0.08 

180 

0 50 

too 

0.4fl 

78 

0.30 

80 

0.30 

28 

0.14 


4 U CX>r-fr*« ttr * b«bbl«d lkro»i> a wxtar* of JO pat aatrt Oa(OlDi tad tba CatCNh 
ludioatad ia (dono S. tba «ot{iM( (M will aoaraut tba ac^rtniratioo HON IwUd m aotaoA 1. 

Tho cyan i do gas concentration may be maintained by inserting a 
bubbler of Ca(CN)r-Cn(OH)» mixture in tho second chamber to add 
HCN gas to tho air after CO* has been removed (seo pp. 300 ff.). Tire 
HCN tension of such a mixture varies with the concentration of Ca(CN)* 
and with the temperature (5), and it ia thus possible, by use of the proper 
solution, to maintain a constant concentration of cyanide in the animal 
chamber trad still remove the CO* produced. The air entering the second 
plastic container passes through two tubes of KOH solution, containing 
cotton pads previously described, blows through alkali-soaked game 
which lines the bottom of the chamber, then bubbles through the 
Ca(CN)r~Ca(OH)* mixture. Hydrogen cyanide equilibrium occur* 
rapidly even though the bubbles arc large and stay in the solution only a 
short time. Tabic 2 lists the concentrations of Ca(CX), that may be used 
in experiment* with mammals. 

To check the concentration of cyanide gas in the animal chnmbcr a 
sample of air may be withdrawn from one of the outlets into a glass 
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syringe nml expelled through a short glass tube into a colorimeter tube 
containing 3 parts of 0.003M XpjIIPOi solution and 1 part of phenob 
phthftlin reagent (*!).§ (Withdrawal of air containing cyanide is made 
directly into the gloss syringe from the rubber tubing with no needle 
Iwtwccn, since there is n rnpid reaction when tho gas comes in contact 
with metal.) When 1 part of 0.1 per cent KOII solution is added to the 
tube the red color which develop* is proportional to tho concentration of 
cyanide. Tho quantity of cynnide in the gns may then l>c calculated 
by photoelectric comparison of the sample with the color developed in 
O-fl.OOOIGM standard solutions of JvCN. A cyanide concentration greatly 
in excess of the 0.00016M capacity of tho reacting mixture may result in 
Homo inhibition of color development. Whrn tho approximate concen- 
tration of cyanido in tho air is not known, a prcliraJoary test should bo 
made in a tube containing tho buiTcr, reagent and alkali; development of 
color as the gas is bubbled through i« then obscrvnblc. 

A control Oj consumption determination may bo mado first with the 
air lowing through only the KOII. Then liy shifting a clamp, the flow 
through tho Ca(CN)j-Ca(OII)j mixture la started, and only a momen- 
tary break in tho measurement period results. 

When aquatic animals aro studied a different scries of Ca(CN)r- 
Ca(0II)» mixtures must be used to maintain IICN equilibrium. Those 
for experiments in either fresh or sea water at 20 C aro listed in Table 3 


TABLE 3. — Calctcu Ctajodc Boumoxi ro* aUnn-Araxa Ctahide Equiumium 
WITH tVATEn AT 20 0 

( Approximately 10% caldum hydrorido mspemton Indodod in each) 



a*{CN>t 

Cnteomuno* or 

UON a Watt*. >1 

Corcr:m*no» ro* 
EfnmjTMTUit. XI • 

0.010 

1.41 

0.0010 

1.23 

0.0022 

0.87 

0.0010 

0.66 

0.00010 

0.81 

0.00022 

0.16 

0.00010 

0.090 

0.000040 

0.048 

0.000022 

0.020 

0.000010 

0.014 

0.0000040 

0.0074 


U COrCi** th h bobbin through ibt Q«(OJO* •oJntiow U»t*d In wJwia *. U 
puMd thnwAfc tt- HONncWntlon, Urtad in ©©Jam* I wftioat «4nn«* of th*irej-*nld* ooaan trader*. 


(7). Hero again a control determination of Oi consumption may be made 
first.; then a quantity equal to ‘/Wh the total water volume of a neutral- 
ised KCN solution 100 times the desired final concentration is added to 
the water in the animal chamber through one of the top tubes. At the 
same time the clamp on tho Y-tube (at the outlet of tho second chamber) 
is shifted to make the COj-fxee air bubble through the tube containing 

n In 10 mi 


I Tbe oolortewtrio U jrtptmd by 

oi •tbanol ud ndding thb to OOO ml o i 0.01 


cUaBoIrinx 60 nx^ i 
per oaert Kjoroa a ~ 
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the C*(CN)r-Ca.(OH), mixture. In this vr*y the gns vrhtoh returns to the 
animal chamber la always in cyanide equilibrium with the fluid in it. 
Even though the experiment is continued for hours, concentration of the 
experimental fluid will not change. 

Solutions which may be used for CO* absorption and maintenance of 
HCI? equilibrium in the smaller apparatus (Fig. 3) are given on pages 308 
5 . A few drops of these CA(CN)r-Ca(OB)* mixtures placed on filter 
papers in the aide wells effectively remove CO* and keep the cyanide ten- 
sion at the desired level. To assure rapid absorption one may use two 
filter papers, on© of which is fluted and fitted into the second one 
that is rolled. 



rUuttwia* txampla: Figure 4 presents r«nlts of typical experiment* with 
the various type* of rwpirometere described boa- The first curve tbtnra resp ire - 
tion measurements of a 150 * white rat, first for a control period and later when 
air passing through the chamber contained * concentration of 50 ppm of HCN. 
fturviral erf the animal for temal hours at » cyanide tension that would cause 
depression of isolated tissue respiration 1* pcodbly associated with detcodcetioo 
mechanism In the Intact organism. 

In the determination represented by thereocmd euro the apparatus contained 
1 liter of sea wntcr and a marine •heflfiab, Prints metewria. Wet weight of the 
•oft tissues of the organism was 86 g. Oxygen consumption is reoorded for a 3 hr 
period. 

The third curve Illustrates Oj uptake by an Isolated crystalline lens from tl» 
eye of an adult rabbit. In Ringer's phosphate mediant in the small apparatus. 
If the leases one shaken in an ordinary Warburg manometer for a prolonged 
period they tend to break up and respiration i* no longer normal, 'The gently 
bowing Stream of bobble* in the constant Sow rrepbometer prevents the »p> 
sola from rapturing and still maintains adequate aeration. 
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It is hoped tlwt tho doHcriptivc and experimental detail reported here 
may show enough of the possibilities of the constant flow respirometer 
method to suREwt its application to a vnricty of experimental problems. 
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RESPIRATION OF TISSUE SLICES 


JOHN FIELD, 3x>, Stanford Uninrritg 


I ntrodudim , — The tissue dice technique is a method for preparation of 
groups of cellB which, ore surviving in vitro under controlled conditions 
and in which the kind, concentration and spatial arrangement of proto- 
pktsmin constituents are approximately the same as in vivo (35, 30, 
88, W). Information supplied by metabolic studies on such material is of 
interest both in its own right and as background for interpretation of data 
obtained by the more analytical homogenate find isolated ensyme 
methods. In the latter connection there is much evidence that the normal 
sequential relations of chemical events in the ceil depend in part on the 
opportunities and limitations imposed by cell structure (8, 22, 48, 82, 
87). Accordingly, insight into the manner in which the biochemical po- 
tentialities of the cell, revealed by the more analytical techniques, are 
actually exercised must stem in large measure from studies on intact 
cells (cf. 22). 

Tissue respiration and glycolysis are studied chiefly by means of tbo 
manometric methods developed by Warburg and his associates (105) at 
Berlin-Dahlem and by workers at the Cambridge Biochemical Labora- 
tories (32). There is a large and readily available literature dealing with 
the manometric method. Basic principle® are treated extensively in the 
reviews of Krebs (73) and Dickens (28) and the monographs of Dixon 
(32) and Umbreit, Burris and Stauffer (104). An excellent operative dis- 
cussion is given by Summerson (07). Practical details such as descriptions 
of manometers, flasks, shaking devices, thermostats and accessory equip- 
ment; directions for calibration, use and cleaning of apparatus and 
preparation of tissue, suspension media, gas mixtures end the like; sug- 
gestions for design of experiments and methods for calculation of re- 
sults arc also given by these authors. Several original papers have in- 
cluded critical analyses of various aspects of tltc technique (15, 23, 80). 

This renew is not intended to replace the standard references just 
cited. Bather it is designed to provide useful supplementary information. 
Methods developed in our laboratory which lmvc been tested and found 
advantageous, and which have been reported piecemeal or not at all, are 
described in seme detail. In particular the rationale and use of tho moist 
cold box technique for preparation of tissue slices ore discussed more 
fully tlmn hitherto. Factors affecting the choice of suspension medium 
and of basis of reference for calculation of metabolic data (o.g., dry 



288 


CELLULAR RESPIRATION 


It is Hoped that tho descriptive and experimental detail reported Here 
may show enough of the possibilities of the constant flow reepirometcr 
method to suggest its application to a variety of experimental problems. 
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The moist cold box is essentially a device for maintenance of low tem- 
perature and avoidance of dehydration during the preparation of tiarae. 
Its use is based on the following considerations. The period between 
the death of the animal and the aeration of the manometer flask* is one 
of marked tissue an&erobioflifl. By means of cold the oxygen demand of 
the tissues is reduced during this time of inadequate oxygen supply. 
Furthermore this procedure reduces the rate of all other tissue reactions 
and thus minimises the imbalance between the anaerobic and aerobic 
phase* of catabolism which. would otherwise occur. There is much 
evidence favoring the view that low but suprafreeiing temperature is 
more favorable for the survival of ischemic mammalian tissue than the 
usual body temperature level (3, 4, 13, 14, 33, 47, 96). That the 
operating temperature of the moist cold box, 6-10 C, does not itself 
cause tissue damage is indicated by the observation that expoaore to 
lower temperatures for longer times (0.2 C for 00 min ) does not impair 
capacity for oxygen consumption on subsequent rewarming to 37.5 C of 
slices of rat cerebral cortex (67), kidney cortex (57), liver (59) or heart 
(60) or of stripe of skeletal muscle (6Q) . 

A comparison of the respiration of tissue slices which were placed in 
regplrometers aa soon as possible after sectioning and after standing for 
30 and 00 mm In the moist cold box at 6-10 C and in a moist warm box de- 
signed after that of Sperry and Brand (97) and kept at 85 C showed the 
advantage of the former procedure for measurements of tissue respira- 
tion (58). Significantly higher rates of oxygen consumption were ob- 
tained with rat liver and kidney cortex slices after standing in the odd 
box than after similar periods in the warm one (58). The differences ob- 
served in the case of cerebral cortex slices were in the same direction but 
were not statistically significant. 

The use of low environmental temperature at least during certain 
stages of tissue slice manipulation is not new (cf. 5). However, as far as 
we know, tho procedure described here, which we have used since 1943, 
was the first in which all phases of tissuo preparation except killing of the 
animal, excision of the organ and weighing of tissue sections were carried 
out in a moist cold environment. 

TECHNIQUES FOR PR SPARING TISSUE SECTIONS 

1. General survey . — Early workers prepared their material by freehand 
slicing with a sharp rnsor (32, 105). The cutting blade was dampened 
with Ringer’s solution. Wotting of the blade in this manner is inadvisable 
because tissues swell in t>nlme media whetiter hypo-, iso- or even hyper- 
tonic (cf. 37), thus enuring erroneous wet weight determinations. Free- 
hand slicing is a fairly satisfactory method for sectioning parenchyma- 
tous organs, although not for skeletal muscle (94) or friable tissues such 
os brain. However, it is rather difficult to prepare sections of uniform 
thickness in this way. 8uch uniformity is desirable go that diffusion rela- 
tionships will remain about tho same in successive slices. Accordingly, 
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weight, nitrogen content and the like) are considered. Finally, there 
follows this discussion a report by Dr. Robbie on the use of oyanide in 
studies on tissue respiration in which this important technique is at long 
last placed on a sound operative basis. 

MOIST COLD BOX TECHNIQUE 
FOB PREPARATION OF TISSUE SLICES 

The method of exitus chosen should be quick and should involve a 
minimum of disturbance of the physiologio state of the tissues. The 
mechanical problems involved differ somewhat with species. Work in our 
laboratory has been confined to mice, rats and rabbits. The smaller ani- 
mals are decapitated with large bone forceps. Rabbits are dispatched by a 
blow on the back of the neck or by injection of about 30 ml of air into a 
marginal ear vein. Anesthetics are not used because of their persistent 
effect on tissue metabolism. 

Tho organs desired are rapidly excised and placed immediately in a 
small beaker which has been standing well immersed in a tray of finely 
chopped ice. Beaker and tray are then transferred to the moist cold box 
(68), where adherent blood is removed by means of filter paper and the 
tissue is prepared for manometric study as described later. From the time 
the organ is placed in the box until the beginning of thermoequilibration 
of the respirometers in a suitable oonstant temperature bath the tissue 
is kept in a moist environment at low temperature except for the 10-20 
sec required for weighing on a microtorsi on balance. 

The moist cold box is a rectangular chamber made of wood and glass 
(68). It is large enough to contain all instruments used in preparation of 
tissues as well as the necessary manometer flasks, media, reagents and the 
like. 'Ihe operative portion of the box U approximately 24 in, deep, 30 
in. wide, 16 In. high at the back and 10 in. at the front. The sloping top is 
of glass. The front is designed to admit the hands through holes covered 
by heavy rubber flaps. The whole box is well illuminated by two fluores- 
cent lamps (20 w) placed behind a frosted glass plate which forma tho 
back of the work chamber of the box. Tho chamber is cooled by a 
refrigerator unit placed at the top and back of the operative section. 
Air in the box is kept moist by distilled water which drips from a separa- 
tory funnel over a large gauze wick and is collected in a flat pan. Rato of 
dripping is controlled by a stopcock on the separatory funnel so that 
condensation does not occur. Air is circulated llirough the wick by a 
nmwll fan which is turned off when tissue is placed in the box. About 1 hr 
is required to reduce tho temperature in the chamber to tho operating 
level of 4-6 C. This ia done before the animal is killed. While tho box Is 
cooling the glass top and rubber flaps are covered by sheets of in- 
sulating material. Necessary equipment and reagents are placed in tlie 
box before cooling is begun. For certain procedures the vessels containing 
solutions arc placed in trays of cracked ice. Tho temperature in tho 
chamber usually rises to about 10 C during tlw time tl»c tissue is sliced. 
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tory is the template technique of Crifimon find Field (26). A battery of 
such templates, made of rectangular pieces of ludte, 36 X 25 mm and 3 
mm thick, is kept on hand. These are ground out in the center ao that 
large ovals are cut In the lower surfaces. These taper off to slots in the 
upper surfaces. The apertures in the several templates are graded in rise 
so as to be adaptable! to a variety of small rounded organs. The entire 
organ to be sliced is placed on a paraffined stoppor On the moist cold box), 
the template ia gently pressed down on the surface and the tissue which 
bulges through the slot is shaved off with a safety rasor blade (Bchiek). 
This blade is not dampened but is wiped off from time to time with 
cleansing tissue (cf. 37). The practiced worker can prepare very uniform 
slices in this way. The method is the fastest of any wo have triod. It is 
particularly well adapted to preparation of cerebral cortex slices. 

It is fitting to conclude this section by pointing out that it is evident 
from an examination of the literature as well as from our own experience 
that the method ehoeen for preparation of tissue for manometrio in- 
vestigation is largely dictated by the nature of the problem in hand. In 
general the parenchymatous organs are well adapted for sectioning. 
Friable tissues like brain offer special problems, as do tissues containing 
relatively large colls such as cardiac and skeletal muscle. The latter 
cannot bo prepared by slicing if steady states of metabolism are desired, 
Slice thicJrnw: Theoretical considerations. — According to Warburg 
(106, p. 79), the maximal thicknesj which a tissue slice may attain with- 
out limitation of respiration of interior cells through Inadequate 0* 
supply may bo calculated from the formula 



where C, ia the Oj concentration (in atmospheres) outside tho slico, D 
the diffusion constant in the tissue and A the rate of Oj consumption in 
ml/min/mJ of tissue. The value of d' is obtained in cm and must bo 
multiplied by 10 to give the equivalent in mm, which is a more con- 
venient measure. When the gas phase in tho respirometcTs consists of Oj 
at 1 atmosphere pressure the valuo of C 4 is unity. The value of D may be 
taken as 1.7 X 10~* at 38 C (cf. 21, 59, 08). However, this valuo is based 
on the figure obtained by Krogh (70) on diaphragm and may not be as 
representative of the vnluo of D lor otlior tissues as commonly assumed 
(cf, 11). That D — 1.7 X 10"* is approximately correct for rat Irver is 
indicated by tho good agreement found by Fuhrman and Field (69) be- 
tween values of d' calculated from the Warburg formula and thc*« ob- 
tained by empiric tests. 

Tbo basic assumption of tlic Warburg calculation is tliat tim re to of 
cell respiration is Independent of Oa pressure until the latter falls to an 
extremely low level (105, p. 79). In a critical iBeouarion of the validity of 
this assumption Elliot t and Henry (30) pointed out that while at the time 
it was made the only supporting evidence was provided by work on 
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various procedures have been devised for facilitating production of sec- 
tions of suitable and approximately constant thickness. One of the first of 
these was the method of Deutsch (28), which has been quite satisfactory. 
The tissue was placed between two microscope slides, the upper one hav- 
ing one frosted surface of medium coarse grain. The lower slide was 
fixed in a wooden support. A small piece of filter paper, dampened with 
Ringer’s solution (cf., however, 37) was placed on one end of the fixed 
elide and the piece of tissue placed on it The frosted slide was then 
pressed slightly on the tissue, which was cut with a safety raxor blade 
guided by the slide. The frosted surface held the tissue firml y and flat and 
the process of cutting could be watched because the frosted surface was 
transparent when wet 

A disadvantage of Deutsch’a method is that the uniformity of slice 
thickness depends largely on the dexterity of the experimenter, although 
not as much as in freehand slicing. Several instruments have been de- 
vised which minimi xe this difficulty. The slicer designed by Thomas and 
DeEds (103) w as one of the first of these. It consisted of two safety raxor 
blades held apart by a thin metal strip, the whole secured to a handle. 
The thickness of the Biice was determined by that of the metal strip. 
This instrument iB helpful, but its. usefulness is limited by the time re- 
quired to remove the tissue slice in an undamaged condition from be- 
tween the blades. This difficulty was eliminated in the Terry (102) and 
Martin (86) dicers. Detailed directions for their construction are given 
in the reports cited. Advantages of the Terry slicer or “safety raxor 
blade microtome” are ease and uniformity of sectioning and ease of re- 
moval and economy in use of material. Advantages of the Martin in- 
strument are the unusually long cutting blades, wide range and easy ad- 
justment of the distance between the parallel cutting edges which de- 
termines section thickness and ease with which the hinged frame holding 
the blades can be opened to remove tissue sections and can be returned 
exactly to the initial cutting position. It is somewhat faster in operation 
than the Terry sheer. Wo have used both in the preparation of paren- 
chymatous organs. Of the two we have a sligh t preference for the Martin 
sheer unless economy of material is of importance. 

The fresh tissue microtome described by Stadie and Riggs (99) is some- 
what more elaborate than the devices just considered. We cannot present 
a critical evaluation of this instrument because it has not been available 
in our laboratory, but its usefulness is shown by the data of Stadie and 
Riggs (09). When the microtome was designed to cut 0.60 mm sections, 
the mean thicknesses of a series of liver, kidney, heart and brain slices 
were 0,61, 0.47, 0.40 and 0.40 mm, respect ively, with standard errors less 
than 6 per cent of these values. Thu* the instrument is well adapted for 
production of very uniform sections. Furthermore it is evidently rapid in 
operation and economical of material. Careful directions for Its con- 
struction are given by Stadie and Rigga (99). 

A simple procedure which has proved very serviceable in oar Inborn- 
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2. DelaHed procedxa-ea for certain organa . — The procedures described 
here are carried out in the moist cold box. 

o) Cerebral cortex. After decapitation and exsanguinstion the brain is 
removed and plaoed in a chilled beater and transferred to the moist cold 
box. The brain is then removed from the beater and placed on a paraf- 
fined stopper. Adherent blood is removed with filter paper and meningeal 
tissue is stripped off with forcepe. Slicee are prepared by the template 
method. Tissue sections are removed from the cutting blade with fine 
forcepe. They are placed in a Petri dish which stands on the surface of a 
tray of finely erected ice. The dish is kept humid by a piece of filter paper 
moistened with Ringer’s solution and stuck on the under surface of the 
lid. The lid is so plaoed that the diah is partly open to receive the tissue. 
Hie slices are arranged in a n umb er of small piles in the Petri dish, cor- 
responding to the number of flasks to be loeded. When a suitable quan- 
tity of tissue is on hand the lid of the Petri dish ia closed and the ice 
tray and dish are removed from the cold box. The slices are rapidly 
weighed by means of a Roller-Smith microtorsion balance. The average 
load placed in a 16 ml respirometer flask is about 50 mg fresh weight. 
Aliquot samples are taken from which dry weight is determined (in du- 
plicate or triplicate) by drying to constant weight in an electric oven 
regulated at 105 O. After receiving the tissue the flasks, which already 
contain suspension medium, alkali in the central well and the like, are 
attached to the corresponding manometers and oxygenated at room 
temperature. When nitrogen-carbon dioxide or oxygen-carbon dioxide 
mixtures are used the raepirometers are gassed in the thermostats set at 
the temperature chosen for the run. Subsequent procedures arc essen- 
tially those described by Umbreit, Burris and Stauffer (104). 

umitinq section thicxnbsb. The upper limit was calculated from 
Warburg's formula using the data of Field, Fuhrman and Martin (49) for 
rat cerebral cortex slices at 37.6 C in an atmosphere of Of. The mA-rim r! 
value of Qo* (pi of Oj, measured at standard conditions, per mg mitin.1 
dry weight per hr) was approximately 12 in 147 adult albino rata of the 
Slonaker-WlBtar strain. The mean wet/dry weight ratio was 6.16. The 
corresponding value of factor A in Warburg's formula is 3.88 X 10 - *. 
Using D — 1.7 X 10 -1 , maximal permissible section thickness for rat 
cerebral cortex shoes in an atmosphere of Oi is 0.00 mm. Minimal per- 
missible thickness has not been determined. In tho li gh t of our experience 
it must lie at or below 025 mm. 

6) Liver. The excised organ is placed on a linoleum block surfaced with 
adhesive tape, superficial blood is removed with filter paper, and sections 
are cut with the Martin slicer in the moist cold box. The sections are 
trimmed to suitable sixe with iridectomy scissors and gently blotted with 
filter paper to remove adherent blood. They are then placed in a cold 
humid Petri dish ns described under “cerebral cortex” for collection and 
Wei ghing , 

uum>-a section thiccxess- Particular attention should be paid to 
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micro-organisms, at present there is evidence in its favor obtained by in- 
vestigations on animal tissues. Thus Warren (109), in "...the first 
direct and valid study of the effect of very low oxygen tension on an 
animal tissue" (39), showed that respiration of bone marrow suspen- 
sions (measured by the polarimetric method in which the results are not 
distorted by diffusion and solubility factors) remains constant with de- 
creasing Oi pressure down to 4 mm Hg or less. Moreover, indirect evi- 
dence that liver cells respire at their full rate at very low Oj tensions is 
provided by the finding of Fuhrman and Field (69) that the optimal 
thickness for respiration of liver slices in an atmosphere of Oj agrees well 
with, the limiting thickness calculated from the Warburg formula (0JS5 
mm and 0.69 mm, respectively). 

Most workers have followed Warburg (105, p. 81) in the assumption 
that shoe thickness is not critical as long as it does not exceed the upper 
limit, d' f for the given tissue and conditions. The general tendency has 
been to get a slice as thin as possible (94). Shore (94) has pointed out: 
"Histological studies, as well as comparative studies of the rate of 
respiration, show tlint this is not altogether wise. The superficial layers 
can be shown to undergo degeneration to variable depth. The thinner 
the slice the larger is the proportion of damaged tissue. This is par- 
ticularly important for ti sauce such as cardiac muscle, where a whole 
largo cell unit at the surface must inevitably undergo degeneration. 
Thicker slices can be shown to have a higher rate of respiration than very 
thin ones. The maximum thickness which is permissible is therefore 
better. Not infrequently thicknesses which exceed the formula behave 
very welL” 

In line with Shore's argument Fuhrman and Field (69) have shown 
that for rat liver the lower limit of slice thickness is quite critical. 
Under the conditions of their experiments maximal respiration occurred 
with a slice thickness of about 0.66 mm, but there was little difference In 
rate of Oi consumption between 0.48 and 0.82 mm. Below and above 
these limits there was a sharp decrease in respiration. Lowered respira- 
tion in the thinner siloes is presumably duo to the larger propor- 
tion of damaged cells, and in the thicker ones to inadequate diffusion of 
oxygen. 

Slice thickness: Measurement . — Slices of tissue are trimmed to rec- 
tangular form with iridectomy scissors, weighed quickly on a mlcrotor- 
sion balance and spread flat but not stretched on a microscope slide with 
millimeter cross-section paper underneath. They are examined in trans- 
mitted light which has been passed through a coding cell or is brought 
into suitable position by means or a curved Iucite bar about 1 in. In diam- 
eter and 15 in. long. The surface area la determined by counting the num- 
ber of square millimeters covered by the slice. The volume of the section 
can be determined with sufficient accuracy' from the fresh weight on the 
assumption that the specific gravity is unity. The mean section thickness 
Is then given by the ratio, vdumc/surface (cf. 105, p. 81). 
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94). Steady metabolic states are not obtained with sliced skoletol muscle. 

The musdc strip technique of Shorr (01, 03, 94) is tho best of tho meth- 
ods wo have tried. This method was adapted for uao with rat skeletal 
musclo as follows. Immediately after decapitation the hindleg was 
skinned and amputated at the pelvis in such a way as to include in tho 
preparation the bones of origin of the thigh muscles. The leg was placed 
in a cold Petri dish resting on ico in a tray and transferred to the moist 
cold box. Here it was pinned, latoml surface down, to a heavy rubber 
plate (a dissecting board or linoleum block may bo substituted for this). 
One pin was used to secure the os coccys, another tho knee and a third 
the distal stump. Tho soft tissues were then divided with scissors, care 
being taken that no incision involved the muscles to bo used for measure- 
ment of respiration. Tho superficial layers of muscle and fascia over the 
medial portion of the thigh were stripped off after their attachments were 
severed near tho knee. In the adductor group small strips of fibers were 
lifted with one tip of a fine forceps (with roundod tipe) and their entire 
length freed from the underlying musclo. Individual groupe of fibers 
0.3-0. 5 mm thick were then separated from each other in a thin band and 
their ends (connective tissue) severed with iridectomy scissors without 
grasping with forceps. The strip of tissuo was then lifted by tho rrnddlo 
as It hung over the forceps and placed in a humid Petri dish resting on a 
tray of finely cracked ico. The Petri dish and tray were removed from the 
moist oold box when sufficient material was on hand and tho strips of 
skeletal muscle wore quiokly weighed (without grasping daring transfer) 
on a microtorsi on balance and placed in respirumoter flasks containing 
cold Dickens-Grevillo Ringer's phosphate solution (29). 

LmriTNa strip thickness. Tho term "section thickness” is not proper 
relative to this preparation, which was not sliced at all. The minimal per- 
missible thickness has not been determined ; probably it would be that of 
a single undamaged fiber. The upper limit was calculated from War- 
burg’s formula using unpublished data from our laboratory (09). These 
data consisted ol measurements of respiration at 37.6 C of stripe of 
skeletal musde prepared os described obovo from 33 adult albino rats 
of tho Slonaker-Wistar strain. The gas phase in the respirometors was 
Oj, the liquid phase Dickens-Grcville Ringer's phoephato solution (29). 
Samples from each animal were run in triplicate. Steady states of respira- 
tion were obtained for at least the first 40-00 min. Oxygen consumption 
was calculated from readings obtained during this period of steady state. 
Mean Qo, for the entire scries (initial dry weight basis) was 3.1, the 
maxim um approximately 6. Mean wet /dry weight ratio was 4.24. From 
these data (using Qo, - 6), the upper limit of strip thickness calculated 
from Warburg’s formula is 0.83 mm. 

J) Other tissues. Tissues other than those just discussed have not been 
used extensively In our laboratory. A few recent reports on diverse tissues 
are listed bdow. Tho papers cited include some discussion of method. 
The list is not exhaustive and is intended merely as a useful working 
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this factor in studies on liver slice respiration because both upper and 
lower limits are well defined and the permissible thickness range is not 
wide. For rat liver slices in on atmosphere of Oj at 37.6 C this range is 
approximately 0.48-0.62 mm (60). In those circumstances the upper 
limit calculated from Warburg’s formula was 0.69 mm (maximal Qo, - 
7.63, mean wot/dry weight ratio « 3.27, A - 3.83 X 10~ s ). A Stadie- 
Riggs microtome built to cut 0.50 mm delivers slices of 0.51 mm thick- 
ness (90), which lies in the permissible thickness range. 

c) Kidney. After decapsulation this organ is cut in half transversely 
and sliced with the Terry safety razor blade microtome (102) in the 
moist cold box. Each slice is gently blotted free of blood with filter 
paper. Considerable histologic detail can be made out in these sections, 
so that it is feasible to separate cortical and medullary material with 
iridectomy scissors (cf. 66). The slices ore collected in a cold humid Petri 
dish or already described. 

mvOTTNO 8 Ken on thickness. The upper limit was calculated from the 
data of Crismon and Field (26) for rat kidnoy cortex slices at 37.5 0 in 
on atmosphere of Oi- Maximal Qo, observed was 20.7; mean wot/dry 
weight ratio was 4.11. The corresponding value of A is 8.39 X 10 -1 . 
Calculated maximal section thickness (tO is 0.40 mm. Wo have not noted 
any effect of slice thickness on respiration in kidney sections over the 
range 0.26-0.40 mm. 

d) Heart. The relatively large size of cardiac muscle cells (cf . 93, 9 1) 
and the marked sensitivity of cardiac rausclo to anoxia (62) arc critical 
factors in preparation of this tissue. Use of comparatively thick slices to 
minimize the proportion of damaged cells and maintenance of low tem- 
perature during preparation ore necessary precautions if steady states of 
respiration are dosired. 

The excised heart is placed on a paraffined stopper in the moist cold 
box and sliced by tho lucito templato method. Sections are gently blotted 
free of blood with filter paper and collected in a cold humid Petri dish as 
previously described. 

limiting section THICKNESS. The upper limit was calculated from 
Warburg’s formula using tlic data of Fuhrmnn and Field (00) for rat 
ventricle slices In an atmosphere of oxygen at 37.5 C. Tho liquid phase in 
tho flasks was Krebs' Ringer’s phosphate (74). Triplicate samples from 
hearts from 17 adult albino rats of tho Slonaker-Wlatar strain were run. 
The mean Qo, and wet/dry weight ratio for tho series wore 10.4 ami 
4,08, respectively. Using 1 and 1.7 X 10~*for C,and D, respectively, tl»e 
calculated upper limit of section thickness is 0.67 mm. Mean rather than 
rnsrimni Qo, was used in this calculation because we liavc some reason 
to believe that still thicker slices may be desirable. 

e) SMtial mu*&- The tissue slice technique is not a satisfactory 
method for preparing skeletal muv-lc for metalmlic investigation (cf. 35, 
m 209). The essential difficulty U that any slicing of skeletal muscle, 
composed as it is of long fUxws, entail* extensive cellular damage (03, 
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94). Steady metabolic states are not obtained with sliced skeletal muscle. 

The muscle strip technique of Shorr (91, 93, 94) is the best of the meth- 
ods we have tried. This method was adapted for use with rat skeletal 
muscle as follows. Immediately after decapitation the hindleg was 
skinned and amputated at the pelvis in such a way as to include in the 
preparation the bones of origin of the thigh muscle*. The leg was placed 
in a cold Petri dish resting on ice in a tray and transferred to the moist 
cold box. Here it was pinned, lateral surface down, to a heavy rubber 
plate (a dissecting board or linoleum block may be substituted for this). 
One pin was used to secure the os coccys, another the knee and a third 
the distal stump. The soft tissues were then divided with scissors, care 
being taken that no mcisian involved the muscles to bo used for measure- 
ment of respiration. The superficial layers of muscle and fascia over the 
medial portion of the thigh were stripped off after their attachments were 
severed near the knee. In the adductor group small strips of fibers were 
lifted with one tip of a fine forceps (with rounded tips) and their entire 
length freed from the underlying muscle. Individual groups of fibers 

0. 3-0. 6 mm thick were then separated from each other in a thin band and 
their ends (connective tissue) severed with iridectomy scissors without 
grasping with foroepe. The strip of tissue was then lifted by the middle 
as it hung over the forceps and placed in a humid Petri dish resting on a 
tray of finely cracked ice. The Petri dish and tray were removed from the 
moist cold box when sufficient material was on hand and the stripe of 
skeletal muscle were quickly weighed (without grasping during transfer) 
On a micro torsi on balance and placed in respirometer flasks containing 
cold Dickena-Greville Ringer’s phosphate solution (29). 

limiting strip THiaxnras. The term “section thickness” is not proper 
relative to this preparation, which was not sliced at afl. The minimal per- 
missible thickness has not been determined ; probably it would be that of 
a single undamaged fiber. The upper limit was calculated from War- 
burg’s formula using unpublished data from our laboratory (69). These 
data consisted of measurements of respiration at 37.5 C of strips of 
skeletal muscle prepared as described above from 33 adult albino rats 
of the S lousier- Wistar strain. The gas phase in the reepvromcters was 

01, the liquid phase Dickens-Greville Ringer’s phosphate solution (29). 
Samples from each animal were run in triplicate. Steady states of respira- 
tion were obtained for at least the first 40-60 min. Oxygen consumption 
was calculated from readings obtained during this period of steady state. 
Mean Qo, for the entire series (initial dry weight basis) was 3.1, the 
maximum approximately 6. Mean wet/dry weight ratio was 4.24. From 
these data (using Qo, - &), the upper limit of strip thickness calculated 
from Warburg’s formula ia 0.83 mm. 

J) Other tissues. Tissues other than those just discussed have not been 
used extensively in our laboratory'. A few recent reports on diverse tissues 
arc listed below. The papers cited include some discussion of method. 
Tho list Is not exhaustive and is intended merely as a trseful working 
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bibliography: bone marrow (100, 108, 112, 114); central nervous system 
(19, 20, 24); embryonic and fetal tissue (51, 04, 72); eye — cornea (81), 
lens (50), retina (27, 42); glandular tissue (27, 34, 42); leukocytes (1, 
111) ; lung (34, 95) ; skin (2, 10, 31) ; smooth muscle (7, SO) ; spermatozoa 
(12, 79, 83) ; tumors (15, 71 and references in 63) . 

SUSPENSION MEDIA FOR MAMMALIAN TISSUES 

After tissue slices or muscle strips have been cut and weighed they are 
placed in appropriate manometer flasks (cf. 28, 32, 73, 104, 105) pre- 
viously filled with the proper volume of a medium suitable for the prob- 
lem in hand. Choice of medium is usually dictated in part by theoretical 
and in part by practical considerations. The general purpose is to provide 
a fluid medium of approximately the same chemical pattern as that of 
the interstitial fluid, which is essentially an ultrafiltrate of plasma (cf. Cl, 
05, 86). 

1. Saline media . — Moat measurements of tissue respiration recorded In 
tho literature have been made on tissuo in saline medio. These media, 
which may be regarded as modifications of Ringer’s solution (cf. 9, p. 
211), are designed to resemble tho inorganic chemical pattern of mam- 
malian serum. Early workers were content with a pattern that included 
only the chief cations, sodium, potassium and calcium, with chloride as 
the anion and small amounts of suitable buffor. However, in view of tho 
importance of extracellular phase magnesium in maintaining intra- 
cellular magnesium content (46) and the significance of magnesium as a 
component of many ensymes (101), this cation is now usually included 
(29, 74). The mammalian Ringer solutions in current use fall into two 
categories, depending on whether or not they are intended for u so in tho 
presence of COj. 

a) Ringer 1 $ phosphate solution. This type of solution is used in measure- 
ments of tissue respiration by the direct method of Warburg (32, p. 40) 
in which COj produced in metabolism is absorbed ly alkali so that the 
tension of this gas in the resplromctcr is very low (it has a small posit Ive 
value (OS)). Various modifications of Ringer’s phosphate solution have 
been devised (cf. 29, 70, 74, 104). At present there is little basis for 
choice among tliese. We have found the media of KitIh (74) and Dickens 
and Grevillc (29) very satisfactory In tlmt, with suitable substrate, both 
support constant rates of respiration (at alnnit the same levd) in the 
tissues we have used for an hour or more. Of the two wc prefer the Krebs 
solution because the potassium concentration (4.8 mE/hter) is closer to 
tlmt of plasma (approximately 5 mE/kg water (65)) titan In the Dickens 
and Greville medium (2.4 mE/liter). Although tliis comparison is not 
quite fair Itecause s<nne of tlte potassium in plasma Is not ionized (65), 
the level of this eat ion selected by Krebs seems wiser in view of the 
significance of pota*rium in carbohydrate metaltfdiwn (4 1, 53, 65, 66, 78, 
89, 114). Furthermore, Kreta* solution lias been more widely n«ed, so 
that data obtained with this medium are more directly comparable with 
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the bulk of the observations in the literature than if another medium be 
chosen. 

Krebs’ Ringer’s phosphate solution (74) may be prepared by making 
up the following stock solutions and adding them together in the pro- 
portions indicated under the heading “Porta.” 


L NaCl 

2. KC1 

3. CaCh 

4. Mg30r7Ht0 

5. Phoaphate baffer* 


C owim uiM 
UoUr % 

0.1M O.VO 100 

0.164 1.16 4 

0.11 1.23 3 

0.164 3. S3 1 

31 


The solution is supersaturated with respect to calcium phosphate and 
becomes turbid on standing (74). It should be made up just before use 
(74). Precipitation can be avoided by using half the recommended 
quantity of calcium chloride solution (116). 

A modification of Krebs’ Ringer’s phosphate solution suggested by 
Umbreit, Burris and Stauffer (104) consists of solutions 1, 2, 3 and 4, 
but instead of 21 parts of solution 6 (phosphate buffer), 12 parts are 
used, together with 1 part of 0.164M KUiPO* (as in the Krebs-Henseleit 
solution (76)). 

b) Ringer’ a bicarbonate aoiution. Media containing bicarbonate are 
used when the metabolism of tissue slices is studied in circumstances in 
■which CO, tension in the gas phase of the respirometer is approximately 
6 per cent of an atmosphere. This is the cose when respiration is meas- 
ured by the indirect method of Warburg (32), the second method of 
Dickens and Simor (32) and the like. Bicarbonate media are also used 
when glycolysis is studied by the manometric technique (cf. 28, 32, 73, 
104, 106). We have used the modifications of Krebs and Henseleit (76) 
end Dickens and Greville (29). We have no empiric basis for choice bo- 
tween these, but prefer tho Krebs-Henseleit for the same reasons that 
led to the choice of Krebs' Ringer’s phosphate. 

Krebs-Henseleit Ringer’s bicarbonate is prepared by using the samo 
stock solutions of NaCl, KC1, CaCl, and MgSO*-7H,0 in the name prt>- 
portiocs as in the Krebs' Ringer’s phosphate solution. To these are added 
1 part of 0.154M (2.11 per cent) KHiPO< and 21 parts of 0.164M (lJj 
per cent) NoHCO,- The bicarbonate solution is gassed with CO, for 1 hr 
before using (76). Stock solution number 6, “phosphate buffer,” is not 
used. 

2. Serum. — a) " Neutralized ” serum. This is used when tissue respira- 
tion is measured in the presence of alkali to absorb CO,, as in the direct 
method of Warburg (32). Under these conditions a gross shift in pH 
occurs if untreated serum is employed. The essential feature of neutral- 
ised scrum is that tho pn is maintained in tho physiologic ran go in tho 
absence of CO, in the gas phase (110). Neutralized serum may be pre- 

7.A " “4 • UA HCJ ud 
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bibliography: bono marrow' (100, 108, 112, 114); control nervous system 
(19, 20, 24); embryonic and fetal tissue (51, 04, 72); eye — cornea (81), 
lens (GO), retina (27, 42); glandular tissuo (27, 34, 42); leukocyte* (I, 
til); lung (34, 05); ukin (2, 10, 31); smooth muscle (7, 30) ; spermatozoa 
(12, 70, 83) ; tumor* (16, 71 and references in 03). 

SUSPENSION MEDIA FOH MAMMALIAN TISSUES 

After tlsauo slioca or muscle strips liavo been cut and weighed they are 
placed in appropriate manometer flasks (cf. 2S, 32, 73, 104, 105) pre- 
viously filled with tho proper volume of a medium suitable for the prob- 
lem in hand. Choice of medium is usually dictated In part by theoretical 
and In part by practical considerations. The general purpose is to provide 
a fluid medium of approximately tho samo chomical pattern as that of 
tho interstitial fluid, which is essentially an ultrafiltrate of plasma (cf. 01, 
05,80). 

1 . Saline media .— Most measurements of tissue respiration recorded in 
tho literature have been made on tissue in salino media. These media, 
which may I>e regarded as modifications of Ringer's solution (cf. 9, p. 
211), are designed to resemble tho Inorganic chemical pattern of mam- 
malian serum. Early workers were content with a pattern that included 
only the chief cations, sodium, potassium and calcium, with chlorido as 
tho onion and small amounts of suitable buffer. However, in view of the 
importance of extracellular phase magnesium m maintaining intra- 
cellular magnesium content (45) and the significance of magnesium as a 
component of many eniymea (101), this cation is now usually included 
(29, 74). The mammalian Ringer solutions in current use fail into two 
categories, depending on whether or not they are intended for use in the 
presence of COj. 

o) Ringer 3 s phosphate solution. This type of solution is used in measure- 
ments of tissue respiration by the direct method of Warburg (32, p. 49) 
in which COi produced in metabolism is absorbed by alkali so that the 
tension of this gas in the respirometer is very low (it has a small positive 
value (98)). Various modifications of Ringer’s phosphate solution have 
been devised (cf. 29, 70, 74, 104). At present there is little basis for 
choice among these. We have found the media of Krebs (74) and Dic ken s 
and Greville (29) very satisfactory In that, with suitable substrate, both 
support constant rates of respiration (at about the same level) in the 
tissues we have used for an hour or more. Of the two we prefer the Krebs 
solution because the potassium concentration (4JJ mE/liter) is closer to 
that of plasma (approximately 5 mE/kg water (65)) than in the Dickens 
and Greville medium (2.4 mE/liter). Although this comparison Is not 
quite fair because some of the potassium in plasma is not ionised (65), 
the level of this cation selected by Krebs seems wiser in view of the 
significance of potassium in carbohydrate metabolism (44, 53, 65, 66, 78, 

89 114). Furthermore, Krebs’ solution has been more widely used, bo 
that data obtained with this medium are more directly comparable with 
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nificance. When the heat-stable factor has been Identified and made 
available it may be possible to use a neutralised bicarbonate Ringer ’ b 
phosphate solution, reinforced with thin factor, which Is as well suited 
for in vitro work on tissue metabolism as serum or serum ultrafiltrate 
and which is easier to prepare. 

DETERMINATION OF AMOUNT OF METABOLIZING MATERIAL 

1. Dry t aeight. — The results of manometric measurements of tissue 
metabolism are us uall y expressed in terms of unit dry weight of tissue 
(28, 32, 73, 104, 105). There has been some discussion concerning the 
relative merits of initial dry weights, obtained by drying aliquot samples 
taken at the time sections are cut for respirometry, and final dry weights, 
obtained by determination of the dry weights of residual slices removed 
from the flasks at the end of an experiment, as bases of reference (16, 42, 
43). We are in accord with Burk et al. (15) that initial dry weight is the 
better basis. Technical difficulties in recovering tissue from the medium 
reduce the accuracy of results referred to final dry weight. Final wet 
weights are also unreliable both for this reason and because tissue slices 
swell in isotonic saline media (cf. 37) . 

In the case of tissues containing relatively large amounts of material 
that does not contribute to the rate of 0* consumption a suitable correc- 
tion should be made. Thus Warren (107) expressed the respiration of bone 
marrow in terms of fat-free dry weight (calculated from nitrogen de- 
terminations), and Fuhrman and Field (59) used glycogen-free initial 
dry weight as a basis of reference for liver slice respiration in the presence 
of ample exogenous substrate. 

detxbmin ati on . — Most investigators have determined dry weight by 
placing tissue samples in a constant temperature oven at 100-110 C and 
heating until constant weight is obtained (28, 32, 73, 104, 105) . * Although 
this method is convenient and sufficiently accurate for most purposes, 
two errors are introduced when tissue is dried at 100-110 C, “one, a loss 
of weight due to tho volatilisation of both fatty and nitrogenous ma- 
terials; the other, a gain in weight resulting from oxidation. While one 
may at least partially If not completely offset the other, both can be 
avoided by drying in a vacuum” (110). The error involved in oven drying 
at approximately 105 C is not the same for all tissues. In experiments on 
rat blood, muscle, kidney, liver, brain and skin dried first in the desicca- 
tor and then in tho oven the changes in calculated water content ranged 
from 0.4 to 2.1 per cent for the several tissues. “This was probably duo to 
differences in the amount of fat and in the degree of oxidation in the dif- 
ferent tissues” (110). 

2- 1 V*t vrighl . — Unit wet weight Is the proper basin of reference when 
tissue metabolism in vitro is to be compared with data obtained in vivo 
by arteriovenous difference estimations or with measurements made on 
the whole animal (rf. 48). Sections should be cut without moistening the 
blade to avoid ta&nMtion of water (37, 54-56) and weitfied before being 
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pared by treating tho somra with add and evacuating it to remove the 
displaced CO*. The pH is then restored to 7.4 with alkali, and mere 
buffer may bo added (62, 84, 107, 110). If completo removal of bicar- 
bonate is desired, tiro method of Friend and Hastings (62) is recom- 
mended. However, partially neutralixed serum appears to be preferable 
for study of tissuo respiration (cf. 110, p. 607). 

6) Untreated and inactivated scrum. Untreated autogenous serum may 
bo used as a suspension medium for tissue slices when the gas phase in 
the respirometers contains 6 per cent COj. When heterologous serum is 
employed it is previously inactivated by heating for 1-2 hr at 56 C (28, 
73). The advantages afforded by use of serum in study of tissue respira- 
tion and glycolysis and tlio difficulties encountered in measurement of 
aerobic glycolysis in this medium have been discussed by Warren (107, 
108, 112) and arc considered in tho next section. 

3. Hal (triced salt solutions ci. serum . — The choice between saline media 
and scrum depends largely on tho problem in hand. Saline media offer 
tho advantages of ease of preparation and of known, exact and repro- 
ducible composition. Tho general mutability of the balanced salt solutions 
of Krebs, Krebs and ITcnseleit and Dickens and Greville for investigation 
of tissue respiration is evidenced by: (a) Good checks obtained when 
tiasuo respiration is measured on successive samples of homogeneous 
tissue from a given animal. (6) Good agreement between measurements 
of tissue respiration on tho same tissue from different animals of the 
same species and sex and of comparable ago and nutritional state, 
(c) Protracted steady Btate of tissue respiration observed with sections ol 
certain organs. For example, wo have found that the respiration of rat 
cerebral cortex slices in an atmosphere of oxygen at 37.5 O is constant 
for more than 4 hr in the Krebe or Did&na-Greville Ringer's phosphate 
containing 0.2 per oent glucoao. Furthermore, the advantages of presence 
of small amounts of bicarbonate in the medium can be obtained even 
when the Warburg diroot method is used by employing “partially neu- 
tralised” bicarbonate Ringer’s phosphate solution (110). Last, it ap- 
pears that such differences in oxygen consumption as may occur when 
the respiration of tissue alioes is measured in the Krebs’ Ringer’s phos- 
phate and in serum are quantitative rather than qualitative. 

On the other hand, serum is the more physiologic medium. It provides 
the organic as well as tho inorganic components of interstitial fluid winch 
is the normal immediate environment of the cell, although there arc 
quantitative differences between serum and interstitial fluid (01, 66, 86). 
In line with these considerations are reports that the respiration of a 
variety of tissues is somewhat higher and more constant in serum than in 
Ringer’s solution (cf. 17, 18, 110, 112, 113). Insofar as rabbit bone 
marrow and guinea-pig liver are concerned these differences are attribut- 
able in part to the presence of bicarbonate and in part to heat-stable 
material present in scrum and in serum ultrafiltrate (118). As these two 
tissues are quite unlike, these two factors may well he of general Big- 
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Hastings (05, p. 123), is a logical procedure. Use of this standard may 
clarify relationships which would otherwise be masked when the con- 
ventional dry weight basis is employed, because of changes in total solids 
in the extracellular phase (65). Technical difficulties in determination of 
the intracellular phase reduce the general usefulness of this standard. 

7. CeU count *. — The oell count standard is applicable primarily to cell 
suspensions, for which it is probably the best basis of reference (11). It is 
difficult to apply this standard to tissue slices in which cell counts are 
tedious and complicated by the problem of making proper corrections 
for the cut cells, which are counted twice in serial sections (11). 

When a tissue is known to be made up of more than one cell type and 
the proportion of these can be changed by experimental means it may be 
possible to estimate the metabolic characteristic* of the different types, 
as Warren (108) has done in studies on rabbit bone marrow. This proce- 
dure involves the use of cell counts in combination with dry weight 
standards. 

SYMBOLS EXPRESSING RATES OP TISSUE METABOLISM 

Q notation .—' When dry weight is used as a standard of reference 
metabolic rates in tissue slices are generally expressed in terms of the Q 
notation of Wartnng (0, 28, 32, 38, 41, 73, 104, 105). The metabolic 
quotient, Q, was defined as the rate of gas production (+Q values) or 
consumption (— Q values) In M, measured at 0 0 and 1 atmoephere pres- 
sure (N.T.P.), per rag of dry weight per hr. At first the Q notation was 
used only in relation to reactions in which gas was actually produced or 
consumed. Later the definition of Q was somewhat extended. The current 
meaning of Q is given by the express! cm 

0 pi of ■obstsnea, formed or ooojamed, at N.T J . 

“ mj dry weight ti»oe X time tn hr * 

This term may be applied to any metabolite on the assumption that tho 
substance Is in the gaseous state at N.T.P. Various subscripts and super- 
scripts have been used to give explicit meanings. Subscripts refer to the 
substance formed or consumed, superscripts to the nature of the gas 
phase in the respirometer. Thus Q^h. and Q&. have been used to denote 
rates of COj production under aerobic and anaerobic conditions, re- 
spectively These term* have sometimes been identified with aerobic and 
anaerobic lactic acid production because in oertain instances lactic acid 
production appears to account for tho COj displacement (using bicar- 
bonate media). However, tho manocnetric measurement of glycolysis is 
not specific for tho acid formed, and lactic acid production does not al- 
ways account for total acid formation (39-41). Accordingly Elliott and 
his co-workers (3S, 41) suggested that Q^> and Q£* be substituted for 
Qco, and Qck, respectively, tho subscript "A” merely denoting acid 
formation without qualitative implications; and that such terms os 
Qla, in which "LA" denotes lactic acid production, be used when the 
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brought in contact with suspension medium (37, 64-60). This gives initial 

wet weight. 

3. Dry t aright by -prolan precipitation . — The direct use of initial dry 
weight as a basis of reference is possible only if initial wet weight deter- 
minations are made on the material put in the manometer flasks. When 
friablo tissues ore used this may be impracticable. Stadie (08) has de- 
veloped a procedure suited to these conditions. Protein, present in the 
medium owing to disintegration of tlssuo during equilibration in the 
Warburg vessel, is precipitated by addition of tricliloracctic acid to give 
a final concentration of 7 per cent. The vessel contents arc then filtered 
through a weighed sintered crucible (coarse grade). All visible particles of 
tiueuo are transferred to the crucible by wnshing the vessel two or three 
times with 7 per cent trichloracetic add and adding the washings to the 
crucible. When the crucible has drained thoroughly the tissue on the filter 
is washed three or four times with 1-2 ml of water to remove salts and 
trichloracetic acid. The crucible is then dried to constant weight at 110 G. 
Control experiments have shown that the fluid filtered through the 
crucible contained no solids other than those present in the original 
medium and that trichloracetic add is completely volatilized at 110 C. 

4. Nitrogen determination . — The nitrogen content of tissue may be used 
as a standard of roferenco for metabolic data on the assumption that this 
content is a reasonable index of tho amount of metabolicaJly active ma- 
terial present. This is an alternative to tho dry weight standard and, like 
the latter, is best suited for use with fairly homogeneous tisane (cf. 11). 
Nitrogen determinations may also be used as a means of estimating fat- 
free dry weight when the percentage of nitrogen in the fat-free moiety of 
tissue is known (107). 

6. Nucleic add etandard. — Berenblum, Chain and Heatley (11) 
pointed out that dry weight estimations are not a good index of the 
amount of metabohxing tissue when large and variable amounts of 
m Diabolically inert material are present, ns in skin, breast tissue, 
necrotic tumors and the like. In these instances the nitrogen standard 
may also be unsuitable because, like the dry weight standard, it does 
not differentiate between the cellular respiring elements and the inactive 
nonreepiring material. It has been suggested that use of the nucleic acid 
content of the tissue, determined by estimation of nucleic acid phos- 
phorus, as a basis of reference would serve this purpose (10, 11). How- 
ever, Schneider and Klug (92) have shown that the enzymatic activities 
of normal tissues ore not well correlated with nucleic acid phosphorus. 
Moreover, nucleic add phosphorus Includes two moieties, representing 
desoxy pentose nuclei o add and pentose nucleic add, which may vary 
independently in different tissues. It thus appears that this standard is 
of doubtful value. 

6. Intracellular phase standard . — Tissue slice metabolism occurs in the 
intracellular phase of the tissues studied. Thus expression of tissue 
metabolism in terms of units of intracellular phase, as suggested by 
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eubstanco described by tho subscript has been measured by specific 
chemical methods. In view of tho historical connection of the Q notation 
with manomotric measurements it would make for greater clarity if the 
symbol itself were modified when the metabolic quotient is not based on 
manometrio data. It is suggested that Q bo used in the latter instance. 
Thus Qo,, Qa 1 and Q^' would denoto manometrio measurements of 
respiration, aerobic and anaerobic glycolysis, respectively, while 
and Oai express tho rates of aerobic and anaerobic lactic add formation 
(in fil os a gas at N.T.P.) per mg of dry weight per hr, determined by 
chemical methods specific for lactic acid. 

Bach (0) pointed out certain limitations in uso of tho Q notation. 
If tissue weights and incubation times vary considerably, metabolic 
activity may not vary directly with tissue dry weight. To make a fair 
comparison of tho data of two tissue slice experiments, one of three con- 
ditions must be fulfilled, (a) Incubation time must be less than 30 min 
and wet weight of tissue less than 60 mg, so that small variations in time 
and tissuo weight are linear, (b) Relations of time of incubation, tissue 
weight and tho reaction studied must be described from empiric deter- 
minations. (c) Equal weights of tissuo and times of incubation must be 
used throughout the scries of experiments. 

U notation . — Q values are measures of rate rather than of total sub- 
stance consumed or produced. For many purposes an integral unit is 
more convenient than a differential one. In such cases the term ,r U,” 
introduced by 8 taro and Baumann (100), is useful. U may be defined 
broadly as the number of m 1 of substance produced or consumed, ex- 
pressed aa a gas at N.T.P., per mg of dry weight tissue in the time t. 
The same rules regarding subscripts, superscripts and the like which 
govern the usage of Q may be applied to U. 

Z'notalion . — This notation is used when motnbolic data are expressed 
on the cell count basis (77, 90). “Z” is used to denoto id of substance 
formed or consumed, measured as a gas at N.T Jh, per 10* cells per hr. 
The Z notation is thus analogous to the Q notation. Subscript and super- 
script usage Bhould be the same as in the Q notation. 
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substance described by the subscript has been measured by specific 
chemical methods. In view of the lilstorical connection of the Q notation 
with monomotric measurements it would mako for greater clarity if the 
Byrobot itself were modified when the motabolic quotient is not based on 
manomotrio datn. It is suggested that Q be used in the latter instance. 
Thus Qon Qa 1 and Qa' would denote manoractrio measurements of 
respiration, aerobic and anaerobic glycolysis, respectively, while Qzu 
and Qlj, express the rates of aerobic and onnorobio lactic add formation 
On pi os a gas at N.T.P.) per mg of dry weight per hr, determined by 
chemical methods specific for lactic acid. 

Bn eh (0) pointed out certain limitations in uso of the Q notation. 
If tissue weights and incubation times vary considerably, metabolic 
activity may not vary directly with tissue dry weight. To make a fair 
comparison of the data of two tissue slico experiments, one of three con- 
ditions must bo fulfilled, (o) Incubation time must be less than 30 min 
and wot weight of tissue less than 50 mg, so that small variations in time 
and tissuo weight are linear, (b) Relations of time of incubation, tissue 
weight and tho reaction studied must be described from empiric deter- 
minations. (c) Equal weights of tissuo and times of incubation must be 
used throughout tho series of experiments. 

U notation . — Q values are measures of rate rather than of total sub- 
stance consumed or produced. For many purposes an integral unit is 
more convenient than a differential ono. In such cases the term “IJ,” 
introduced by Stare and Baumann (100), is useful. U may be defined 
broadly as the number of pi of substance produced or consumed, ex- 
pressed os a gas ot N.T.P., per mg of dry weight tissue in the time t. 
The same rules regarding subscripts, superscripts and the like which 
govern the usage of Q may be applied to U. 

Z' notation . — This notation is used when motabolic data are expressed 
on the cell count basis (77, 90). "Z” is used to denote pi of substance 
formed or consumed, measured as a gas at N.T.P. , per 10* cells per hr. 
The Z notation is thus analogous to the Q notation. Subscript and super- 
script usage should be the same aa in the Q notation. 
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UBe of Cyanide in Tissue Respiration Studies 

W. A. ROBBIE, Stal» Vninrntu a/ 1 osca 

Inhibition of heavy metal catalyse by hydrocyanic add is a valuable 
experimental technique for studying certain problems of fundamental 
metabolism. Tho pronounced permeability of the cell membrane to 
cyanide and the rapid diffusion of II CN through living material make it 
possible to investigate the respiratory processes of tissues in which the 
cells are left intact. The compound ia active in low concentrations and is 
relatively specific in action. Its state of dissociation varies insignificantly 
within the usual biologic pH range. 

Although these characteristics make cyanide a useful analytic tool for 
cellular respiration studies, lack of adequate control of concentration has 
made much of the previous research quantitatively incorrect. This 
difficulty arisen chiefly from the volatility and acid nature of HCN gas. 
Unless proper techniques are used moet of the HCN ia driven off while 
the manometer flask is being gassed. If a simple alkaline solution is used 
in the center well to absorb the COj produced by respiration, the HCN 
is rapidly absorbed also. Recent developments have made it possible 
both to measure and to control the concentration of cyanide in man- 
otnetric experiments (1, 2), and some of the more essential points of 
tljese data are presented here. 

N«x*tity for controlling cyanide concentration. — Inhibition of certain 
enzymatic processes by cyanide in low concentrations is due to the com- 
bination of cyanide with heavy metal catalysts. If this combination is 
irreversible or has a low rate of dissociation a quantitative study re- 
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easier to prepare mixtures with known tensions; it may be used to main- 
tain equilibrium with IICN solutions as high as 10 -, M; It provides a 
steady source of HCN even though gas is given off or COj absorbed. 
The constant tension is a result of uniform pH, which is in turn depen- 
dent on the constant concentration of the dissolved Ca(OII)j. Since the 
hydreuddo is only slightly solublo and a large excees is kept in suspension 
on tho center well filter paper, a reserve is readily available to roplaco 
that lost by precipitation of CaCOj on CO» absorption. Conversely, 
since tho solution is saturated, any hydroxide formed by hydrolysis of 
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Fro. I. — . App«utu« mod In lyntbonUlnc C*(CXh- (See details in text.) 

Ca(CN)i when HCN is given off precipitates, and again a constant pH is 
maintained. 

Table 1 lists tho experimentally determined concentrations for 
KON-KOH and for Ca(CN)i-Ca(OH)* center well mixtures that may bo 
used to absorb COi and to maintain proper HCN equilibrium. 

PREPARATION OF CALCIUM CYANIDE 
A concentrated solution of C*(CN), in Ca(OH)» may bo prepared 
simply and with reasonable safety by means of the set-up illustrated in 
Figure 1 (5). Hydrogen cyanide la generated by dropping KCN solution 
into 60 per cent H*SO< and the gas is led through a water trap Into 
a Ca(OH)t suspension. Since tho system is attached to a water pump and 
kept partially evacuated, none of the poisonous gas escapes Into the 
room, but It U well to keep the generator in a well ventilated place. When 
the air flows through the system as illustrated the long inlet col umn acts 
as a safety valve. If for any reason the suction from tho water pump fails 
the pressure duo to the generating HCN will cause the acid to back up in 
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quires only that tho initial concentration of IICN be correct. However, 
the lability of the heavy metal cyanide compound, as indicated by rate of 
recovery' of respiration after removal of the free HCN, varies con- 
siderably in different tissues. The Oj consumption of the sand dollar egg 
remains depressed after a short exposure to 10 _I M HCN (3); the rabbit 
cornea recovers completely soon after treatment with 60 times this con- 
centration (7). Yet in both tissues the 0* consumption is almost en- 
tirely inhibited by cyanide and it is probable tliat a heavy metal is In- 
volved in the cellular oxidation process. Therefore to study’ adequately 
tho comparative action of cynnldo tho HCN go* tension in tho manometer 
flask must be kept constant throughout the experimental measurement 
period. 

Equilibrium with center t cell tolulione . — Tho volatility and acid nature 
of HCN cause rapid transfer of the gas from the experimental fluid to the 
alkaline center well solution (8, 2), nnd unless there is a counterbalancing 
HCN tension, the concentration of cyanido in tho fluid mnv drop 
rapidly. 

Two types of center well mixtures that liave been used successfully 
to absorb the CO* produced in respiration nnd still maintain proper 
HCN tension arc KCN-KOH and Ca(ON)j-Ca(OH)j. Although the 
former solution is somowhnt simpler to prepare, its use is restricted to 
the lowor ranges of HCN concentration, nnd the amount of COj which 
may be absorbed without change in HCN tension is limited. Also, a 
variation in the amount of alknli in different lotB of stock KCN crystals 
causes a variability in tho pH of tho KCN-KOH preparation that is 
difficult to determine precisely'. 

Tho Ca(CN)r-Ca(OH)i system is preferable in several ways: it is 


TABLE 1. — Cmrrosmox or Cehtth Well Fluids roa JLvnoubtbic Extehiiiexto 
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CYANIDE IN TISSUE RESPIRATION STUDIES 
easier to prepare mixtures with known tensions; it may bo used to main- 
tain equilibrium with HCN solutions as high as it provides a 

steady source of HCN even though gas is given ofT or COj absorbed. 
The constant tension is a result of uniform pH, which is in turn depen- 
dent on the constant concentration of the dissolved Ca(OH)». Since the 
hydroxide is only slightly sdublo and a largo excess is kept in suspension 
on tho center well filter paper, a reserve is readily available to replace 
that lost by precipitation of CoCO* on COa absorption. Conversely, 
since tho solution is saturated, any hydroxide formed by hydrolysis of 
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Cn(CN)j when HCN is given off precipitates, and again a constant pH is 
maintained. 

Table 1 lists the experimentally determined concentrations for 
ICCN-KOH and for Ga(CN)*-Ga.(QH)x center well mixtures that may be 
used to absorb COj and to maintain proper HCN equilibrium. 

PREPARATION OF CALCIUM CYANIDE 

A concentrated solution of Cfl(CN)i in Ca(OH)i may bo prepared 
•imply and with reasonable safety by means of the set-up illustrated in 
Figure 1 (5). Hydrogen cyanide is generated by dropping ICCN solution 
into 50 per cent H*SO< and tho gas is led through a water trap into 
a Ca(OH)» suspension. Since tho system is attached to a water pump and 
kept partially evacuated, none of tho poisonous gas escapes into tho 
room, but it U well to keep the generator in a well ventilated place. When 
the air flows through tho system as ill astro ted the long inlet column acts 
•s a safety valve. If for any reason the suction from tho wator pump fails, 
the pressure due to the generating HCN will cause tho odd to beck ud in 
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tho column and block ofT cscapo to the air. When there is sufficient pres- 
sure in tho flnak tho drops of JvCN solution coming tlirough the nanw 
tubing will bo held lmck also and tho gonerntion stops- 

Tlie water trap prevents contamination of tho hydroxide by fumw 
from tho strong arid. The flask containing the Ca(OIl)j should be kept in 
a container of cold water while the gas is passing through, since a warm, 
concentrated solution of Ca(CN)a tends to form polymers- An excess of 
Ca(OII)i must alwny* bo present also to retard polymcriiatfon. 

Example: In a typical preparation of Cfl(CX)j, 25 g of 05 per cent KCX in 
75 ml of water was adder! dropwlse to 100 ml of 50 per cent ITtSO, over a 30 
min period. Aeration was continued for an additional 30 min. The gw was 
collected in 100 ml of 20 per cent Ca(OII)j suspemion- At tho end of tbe period 
tho yield wan 110 ml of 1.0M Ca(CN)i- 

A 0.2 ml blood sampling pipet with a rubber bulb attached is a con- 
venient means of safely removing n sample of tho strong cyanide solution 
for analysis. The sample is diluted with glass-distilled wntcr (copper- 
freo) and the concentration measured by means of the phenolphthalln 
test (1). For tho phenolphthalin reagent for colorimetric determination 
of cytraldo concentration see page 2S0 (footnote). Two parts of the 
diluted cyonldo sample is thon added to a colorimeter tube containing 1 
part of reagent and 1 part of 0.016M NojHPCh. One part of 0.1 per cent 
ICOn solution ia added, tho red color is measured in a .photoelectric 
colorlmctor after 1 min, and tho concentration is determined by com- 
parison with a curve obtained from known concentrations of KCN 
solutions. 8 in co 10~^M is about tbe maximal concentration that may be 
measured conveniently, tho Ca(ON)j sample should be diluted about 
50,000 times. 

'Ibo Ca(CN)r~Ca(OH)j center well mixture* may be prepared from 


TABLE 2. — Data fob Pax para now of Cantea Wall Mrxnmra ron Ua or 
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stock solution, by mixing the proper amounts of Ca(CN)» with 
rjU(OH), suspension In 16 ml centrifugo tubes. Tho proportions for 37.6 
|C ire indicated In Tablo 2, and for other conditions similar tables may be 
r&vised from tho data given In Tablo 1. Mixtures in tubes stoppered with 
grabber stoppers aod kept refrigerated at slightly above 0 C will keep for 
■a month or more. Decomposition results in the formation of ammonia, 
tfand if tho gas above a solution rapidly turns (lamp litmus paper blue a 
jnew preparation should l>o made. 

Neutralization of cyanide . — Hydrolysis of potassium or sodium cyanide 
| 'makes a concentrated solution of either of these salts highly alkaline. 
'To odd an unneutralixed. solution of more than 10~*M concentration to 



Fro. 2. — Measurement of rate of •sturation of the experimental fluid in a Warburg 
manometer flaak containing Ca(ON)r-Ca(OH}, center well mixture. 


a tissue may result in a considerable shift in pH, and the effects obtained 
may In some measure be doe to the alkalinity rather than to the specific 
action of the cyanide. The shift in pH trill depend on the buffering 
capaaty of the physiologic fluid as well as on the concentration of the 
alkaline cyanide, and the extent of the error involved depends on both of 
these factors. The simplest procedure is to neutralise a 10 _1 M solution 
with HOI, observing the end-point by removing a drop occasionally and 
testing it with phenol red indicator. This stock solution Is then diluted 
as needed with buffered saline and added to the manometer flasks im- 
mediately before the start of the experiments. If it is refrigerated and 
well stoppered it will keep for weeks with no significant change in con- 
centration. 

Halt o/ tjinKbnum dhroumni.— The amount of cyanide in the gas in 
the Mnonieto a*>t depend, on the HCN tension of both the erperi- 
“oM®- M equilibrium the two are, of 
coureo, equaL The rate of attainment of thi. equilibrium level depend, on 
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the temperature and on the volume and exposed surfaces of the two 
fluids. At 25 C it takes approximately’ 1 Iir for UCN gas from 0.0 ml of 
center well solution to saturate 3 ml of experimental fluid in a 17 ml 
Warburg manometer flask. At 37.6 C, however, an approximate satura- 
tion is reached in 20 min (Fig. 2). This is of considerable importance and 
convenience In experiments at this temperature since it permits one to 
sot up tho manometer flask with cyanide in tho center well only. By the 
timo a 20 rain equilibration period has elapsed the cyanide concentration 
in the experimental fluid is close to tho proper level. This saves the time 
which would bo occupied in preparing tho proper dfluto HCN solutions 
and assures that the experimental flask fluid is different from the control 
only in tho presence of HCN. 

Paswige of HCN into nn alkalino center well solution when the 


«i 
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Fia. 3. — Result! of experiment denuxutrating eecape of HON from fli c ki of • 
8unmwT»on differential manometer u 03 per cent 0*-o per eent COi mixture li 
pejeod throoxtu 

experimental fluid contains cyanide is equally rapid at 37.5 C. It is pos- 
sible to measure recovery by simply replacing the center well Ca(CN)i- 
Ca(OH)i with Ca(OH)i. By the time temperature equilibrium is re- 
established the HCN level in the fluid is about as low as it would have 
been if the tissue had been washed. 

Lom of HCN on aeration . — The concentration of cyanide in a Ca(CN)i- 
Ca(OH)j center well mixture is more than 200,000 times that in an 
equivalent volume of air in equilibrium with it at ,25 C. This provides a 
tremendous reserve of HCN which may escape before a change in the 
ultimate concentration is apparent. If flasks are gassed with oxygen at 
the start of the experiment there is seldom more than a maximum of 1600 
ml'of gas passed through any one flask.. If all gas which passes through 
comes into HON equilibrium with the center well solution, and if this 
amount of cyanide la removed from the system as the gas is blown out* 
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the change in concentration of the center well is BtiU only about 1 par 
cent. This I* Insignificant, and low of HON due to gnaaing can be ignored 
in a system containing a balanced center well. 

In the Warburg indirect method, 'which does not depend on alkali 
absorption of CO,, or in the Summerson differential technique in which 
COj is not absorbed until the end of the experiment, tho error caused by 
blowing off of HCN on aeration may be of great importance. Figure 3 
illustrate* determination* of concentration of tho fluid in Summerson 
manometer flasks through which a stream of 05 per cent Or-5 per cent 
CO, was passed at the rate of 1 liter in 5 min. Tho flasks originally con- 



Fio, 4. — Carbon cfoxkJo absorbing capacity of C*(QH)t sohrtioo compared with 
10 per cent K.OH. at 37 A C; 0-6 mL of alwortrint fluid on two filter peper* In center 
well; yaaat in 3 ml of M/50 KIT/PCb buffer bs Urfer chamber of flaii. 

tainod 1 ml of 10 “*M HCN solution, and the curve show* the decrease 
in ccaicentration with increasing volume of gas passed through* Aeration 
with 1400 ml of the gas mixture reduced the cyanide concentration to 
only 20 per oent of the original value. To prevent this drop, the incoming 
gas may be passed through two vessels containing several hundred ml of 
HON solution of the desired concentration and kept at the same tem- 
perature as the water bath. The importance of this precaution is illus- 
trated by results obtained with rat retinas. Although it had previously 
been reported that the rat retina was not inhibited by HCN in a bicar- 
bonate medium, recent work in which the cyanide concentration was 
kept ccnxtAnt by saturating the incoming 0*-CO, mixture a* described 
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above showed that tho degree of inhibition in biearlwnatc was about the 
snmo as that in phosphate buffer (0). 

Carbon dioxide absorption. — To be satisfactory for manomctric use the 
cent or well fluid must remove tho COj produced during respiration 
rapidly enough to make tho manomctric reading a true measurement of 
0* consumption. Since tho solubility of Ca(OII)j is low, its ability to re- 
move COj from the air is limited compared with KOII. At 28 C, 0.0 ml of 
10 per cent Ca(OH)* suspension on filter paper in tho manometer center 
well is able to remove quantitatively about 100 mra* of COi por hr. This 
is equivalent to about half tho rate of respiration ordinarily regarded as 
tho maximum in manomctric work, and tho amount of respiring material 
should bo adjusted with this limitation in mind. 

At 37.6 C, however, the rato of COj absorption by the center well 
Ca(OII)i is considerably increased. Figure 4 showB results of on experi- 
ment in which Oj uptake of varying quantities of yeast cells was 
observed with either 10 per cent Ca(OH)j or 10 per cent KOH in the 
center well. Tho respiration with the Ca(OH)j suspension follows a 
straight lino to a valuo higher' than 300 mm* of Ch/hr, indicating that at 
this temperature COi removal La completely satisfactory. 

To help in keeping tho maximal amount of center well fluid exposed to 
the gns in the manometer flask it is woll to use two filter paper squares, 
one rolled into a oylinder and tho othor fluted by folding and placed in- 
sido tho cylinder. This aids in more rapid COj absorption and attain- 
ment of HCN equilibrium. 

Analysis of fluid . — For cyanide solutions of 10“*M or higher, it is 
possible to withdraw a samplo of fluid from tho flask and analyxe it by 
the pbenolphthalin method described earlier. In this way the correct- 
ness of tho HON equilibrium between the center well solution and the 
experimental fluid can be determined directly. Some cells are Inhibited by 
HCN In concentrations of less than 10 “•M, and a biologio method (3) 
hna been used in checking the accuracy of the mixtures below this point 


in Table 1. 

The phenolphthalln technique is not always applicable to solutions 
which contain tissues, since certain oxidixable substances may interfere. 
For measurements of this sort it is possible to use a combined aeration- 
vacuum distillation method in which the cyanide is removed while the 
fluid is warm and under Ion - pressure and is collected in a solution of the 
phenol phthalin reagent (4). 

The amount of cyanide recoverable from a given volume of fluid in a 
manometer flask containing tissue may not be that which would theoreti- 
cally be expected from the HCN tension of thafluid; some of the cyanide 
may be tied up or adsorbed by the tissue and be released in the analysis 
process. A properly balanced oenter well solution provides only for main- 
tenance of uniform HCN tension. The actual cyanide concentration in 
the cell probably depends on a number of other factors. 

JJss vriih tissues . — An example of the use of the Ca(ON)r-Ca(OH)i 
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center well nurtures in mammalian tissue experiments is given by tho 
curve in Figure 5. Rat spleen slices were prepared with the usual pro- 
cautions regarding optimal tissue thickness, rate of shaking, gassing with 
oxygen, etc. Cyanide was added by means of the center well solution 
only, and measurements were continued for 1 hr after the preliminary 
equilibration period. It is apparent that although 10~*M HCN has no 
effect, 10~*M HCN inhibits Oj consumption almost completely. 

In comparing the effect of cyanide on different tissues, several aspects 
of its Action, may bo investigated. Behavior of the cells with various sub- 
strates and without added substrate may be obeerved. The depression 
produced by constant concentrations of HCN may be compared with the 
recovery which may occur on removal of the cyanide. A wide range of 



concentrations should be employed to determine the relative sensitivity 
of the particular tisane examined. Although a complete interpretation 
of certain of these observations is not apparent at present, the use of 
quantitative techniques may prove to be unexpectedly valuable. 
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above showed tiiat the degree of inhibition in bicarbonate was about the 
samo as that in phosphate buffer (fl). 

Carbon dioxide absorption — To bo satisfactory for manomctric use the 
center well fluid must remove tho C0 3 produced during respiration 
mpidly enough to mako tho manomotric reading a true measurement of 
0* consumption. 8inco tho solubility of Ca(OH)j is low, its ability to rc- 
movo COi from the air is limited compared with KOH. At 28 C, 0.0 ml of 
10 per cent Ca(OII)i suspension on filter paper in tho raanomotor center 
well is able to removo quantitatively about 100 mm* of CO* per hr. This 
is equivalent to about half tho rate of respiration ordinarily regarded as 
tho maximum in manomotric work, and tho amount of respiring material 
should be adjusted with this limitation in mind. 

At 37.5 C, however, tho rate of COj absorption by tho center well 
Ca(OII)i is considerably increased. Figure 4 shows results of on experi- 
ment in which Oi uptake of varying quantities of yeast cells was 
observed with cither 10 per cent Ca(OH)i or 10 per cent KOH in the 
center well. Tho respiration with the Ca(OH)j suspension follows a 
straight lino to a valuo higher than 300 mm* of Oi/hr, indicating that at 
this temporaturo CO* removal Is completely satisfactory. 

To help in keeping tho maximal amount of center well fluid exposed to 
tho gas in tho monomotor flask it is woll to use two filter paper squares, 
ono rolled into a cylinder and the othor fluted by folding and placed in- 
side the cylinder. This aids in more rapid COj absorption and attain- 
ment of HCN equilibrium. 

Analysis of fluid . — For cyanide solutions of KMM or higher, it is 
possible to withdraw a samplo of fluid from the flask and analyse it by 
the phenolphthalin method described earlier. In this way the correct- 
ness of the HCN equilibrium between the center well solution and the 
experimental fluid can be determined directly. Some cells are Inhibited by 
HCN in concentrations of less than 10~*M, and a biologic method (3) 
has been used in checking tho accuracy of the mixtures below this paint 
in Table 1. 

The phenolphthalin technique is not always applicable to solutions 
which contain tissues, since certain oxidixable substances may interfere. 
For measurements of this sort it is possible to use a combined aeration- 
vacuum distillation method in which the cyanide is removed while the 
fluid is warm and under low pressure and is collected in a solution of the 
phenolphthalin reagent (4). 

The amount of cyanide recoverable from a given volume of fluid in a 
manometer flask containing tissue may not be that which would theoreti- 
cally be expected from the HCN tension of thafluid; some of the cyanide 
may be tied up or adsorbed by the tissue and be released in the analysis 
procees. A properly balanced center well solution provides only for main- 
tenance of uniform HCN tension. The actual cyanide concentration in 
the cell probably depends on a number of other factors. 

Use with tiuues . — An example of the use of the Ca(CN)r-Ca(OH)t 
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PRINCIPLES 

1. Terminology . — The term ''homogenate” was introduced In 194i by 
Potter (22} to refer specifically to euspensrion® of animal tissue* that had 
been ground in the aH-gkm® “homogenize r“ described by Potter and 
Elvehjem in 1930 (28). The terra homogenate has since been used by 
various investigators to refer to tissue prcparntionB that haw been 
ground in a mortar, with or without sand, or disintegrated in a Waring 
blendor or produced by method® not described. Although such prepara- 
tion® are probably no leas appropriately called homogenate® than those 
made in the all-glass homogenizer, it ®cem® desirable to promote a 
nomenclature that ie a® meaningful a® possible, and it is suggested that 
the method of preparation be specified. We recommend use of the 
original device because of the all-glass construction and consequent free- 
dom from metal or other contamination. All the method® described here 
apply only to homogenates prepared in glass homogenizm. 

The chief significance of the term homogenate is that it serve® to dis- 
tinguish the preparation from slices, mince® and extract®. In the slice 
technique, an attempt la mado to obtain surviving groups of cdU without 
low of in vivo properties, whereas the homogenate technique accept® the 
fact that the cells in the tissue are no longer living and attempts to 
obtain surviving groups of mzymta without loss of in vivo properties. 
Mince* hare been employed in iieu of slice® or in the case of tissues where 
slicing eeems at best a poor compromise, and there seems to be no good 
reason for their continued use, although much of our present knowledge 
was derived from studies with mince® and they may still have a place for 
studio* on muscle. The homogenate technique differs from enzyme studies 
formerly made with “extract®” because it retains all of the tissue and is 
intended to yield ?uanft/crfwe data a® to the concentration of enzymes in 
the tissue. Studies made with extracts are sometime® useful in revealing 
the presence of enzyme activity but are not suitable for comparative 
studies, because the relation between the amount of enzyme in the ex- 
tract and the amount in the origins! tissue i® not measured and it cannot 
be assumed that this relation will remain the some from one instance to 
another. However, work with extracts is sometime* necessary to obtain 
a demonstration of enzyme activity, particularly if uncontrollable aide 
317 
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is inactivated at pH 0.4, with tho result that glycolysis bcoomes im- 
possible, whereas Green was dealing with axidativo reactions In the 
Krebs cycle. 

Comment by H. Q. Wood 

The inactivation oocurred during the gnating with 6 per cent COr-05 por cent 
N* prior to miring of the homogenate with the substrate and buffer. The prepara- 
tion wu active if bicarbonate was added to the homogenate at the time of 
gassing. 

In the homogenate technique, the autolytio reactions during grinding 
are decreased to same extent by two moans, cold and dilution. The tis- 
sues are removed from the animal as quickly as possible and a sample 
weighing 1 g or less is placed in a beaker of isotonic medium kept at 0 C 
with cracked Ice. The chili od tissue is quickly weighed and dropped into 
a tube containing a known amount of cold homogenisation medium, and 
more medium is added to make a total of 9 volumes of medium per 
weight of tissue. The tissue is then homogenised in the cold in a tight- 
fitting homogenisor. The rapid dispersal of the tissue to a tenfold dilu- 
tion decrease* the rate of glycolysis and also dilutes the slight amount of 
acid that is formed so that, in our experience, the pH never drops below 
7.0. For most purposes the resulting homogenate is stable at 0 C for os 
much as 24 hr, but in certain instances it should bo used as quickly as 
possible. Stability is greatly influenced by the homogenisation medium 
(see below). 

The dilution of the homogenate itself (1:10) is increased another ten- 
fold when the homogenate is added to the reaction mixture since tho 
usual amount of homogenate per Warburg flask is 0.3 ml in 3.0 ml total 
volume. Thus the tissue is at a dilution of 1 :100, and the various metab- 
olites are Vi»th as concentrated as in tho original cells. Since in the 
cells the substrates are in general the chief limiting factors in the reaction 
rate (see Conclusion, p. 336) this dilution has the effect of lowering many 
of the reactions to 1 per cent of their in vivo rate, and in systems with 
several components the effect of dilution is still greater, so that many 
phases erf metabolism are practically at a standstill. 

Thus use of cold and of rapid dilution has the effect not only of pre- 
serving the eniymatio components of the cells but of stopping the com- 
plex of metabolic reactions by lowering tho concentration of substrates 
and oofactors. 

The next step in use of the homogenate is the selective activation of 
the eniyme system under study. With all of the enxymee lacking; sub- 
fit ra toe, the addition of one substrate will at first affect only those en- 
*ymes which act on that particular compound. Furthermore, most of the 
systems with which we deal have several oomponenta, and the addition 
of the special oofactors for a given system, will tend to make one par- 
ticular reaction the rate-limiting one. Thus by odectivt activation one can 
reconstruct the particular phase of metabolism that one wishes to study 
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reactions can bo eliminated by fractionating the tissue. In this instance, 
the measurement of activity in the whole horaogenato is recommended, 
since It shows whether anything has been accomplished by the fractiona- 
tion. Thus the homogenate forms on excellent starting material for work 
with extracts, and in the discussion to follow, the word homogenate will 
bo taken to mean whole homogenate, which means that it contains all 
of tho tissue aomplo. Any derived fractions will bo called ‘.'extracts’' or 
“residues,” with the understanding tlint when an extract is obtained 
from a homogenate, a residue remains. 

When a given cn*ymo system is under study, the substance on which 
it nets is added to the mixture and is called the “primary substrate.” It is 
converted to a substance which is tho “product” of tho primary enzyme. 
If this “product” is acted on by additional enzymes, the “product” will 
bo called a “secondary substrate” and tho additional enzymes will be re- 
ferred to ns tho “secondary cniymc system.” 

Most of the enzyme systems have several components, referred to as 
cocniymcs, activators, carriers and supplementary enzymes, os tho case 
may be. 

2. Nature of the homogenate . — When a snmplo of whole tissue is ho- 
mogenized, the cells are not converted into a solution of enzymes. Tho 
majority of tho cells in a tissue are disrupted, but the nuclei appear to 
remain. Furthermore, the particulate components of the cytoplasm re- 
main ob discrete particles. Tlie homogenate is therefore n suspension of 
nuclei and cytoplasmic particles in a diluted version of the soluble com- 
ponents of tho ceil. It must also bo recognized that it is a mixture of 
tissue elements as well, and that the contents of the cells of various types 
are indiscriminately mixed, along with varying amounts of connective 
tissuo, blood vessels and unclassified cellular and tissue debris that may 
or may not be metaboll cally active. At first thought one would expect 
such a mixture to be practically useless for the study of intracellular 
processes ; and it is true that the preparation of homogenized tissue per se 
is actually of littlo value for biochemical studies. The usefulness of the * 
homogenate technique depends on the success with which certain princi- 
ples are kept in mind. It is evident that knowledge of the nature of the 
tissue sample must be applied in the interpretation of the results Just as 
in the case of the slice technique, but the other principles of the homogen- 
ate technique need to be stressed in more detail. 

3. Principles of dilution and selective activation . — It Is important to bear 
in mind that as soon as a tissue is disorganized by homogenization, 
autolytic reactions of all types set in rapidly, so that any study de- 
pendent on the maintenance of in vivo conditions must be carried out so 
as to minimize the effect of the autolytic reactions. These reactions in- 
clude production of lactic acid and dest ruction of various phoephoryiated 
activators or oofaotora. Work by Utter (40) and by Green (5) has indi- 
cated that certain enzyme systems might be inactivated by acid pro- 
duced when the tissue is ground. Utter reported that phoephofructoldnase 
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is inactivated at pH 0.4, with the result that glycolysis becomes im- 
possible, whereas Green was dealing with oxidative reactions in the 
Krebs cycle. 

Comment by H. 0. Wood 

The inactivation occurred during tl»e growing with 5 jwr cent COr-05 per cont 
N, prior to mixing of the homogenate with tho substrate and hofTer. The prepora- 
tiotx ™ active if bicarbonate to added to tho homogenate at the time of 
guiimg. 


In the homogenate technique, tho nutolytio reactions during grinding 
ore decreased tosomc extent by two means, add nnd dilution. Tho tis- 
sues are removed from the animal ns quickly ns possible nnd n sample 
weighing 1 g or loes is placed in a beaker of isotonio medium kept at 0 C 
with etacked ice. Tho chill od tissuo is quickly weighed and dropped into 
a tube containing a known amount of cold homogenisation medium, and 
more medium is added to mak e a total of 9 volumes of medium per 
weight of tissue. The tissue is then homogenised in the cold in o tight- 
fitting homogonixor. The rapid dispersal of tho tissue to a tenfold dilu- 
tion decreases the rato of glycolysis and also <lilutes the slight amount of 
wad that ia formed so that, In our experience, the pEL nover drops below 
7.0. For most purposes the resulting homogenate is stable at 0 C for as 
much as 24 hr, but in certain lnstanoes it should be used as quickly as 
poesble. Stability is greatly influenced by tho homogenimtion medium 
(■eo below). 

The dilution of the homogennto itself (1:10) is increased another ten- 
fold when the homogenate is added to the reaction mixture since the 
usual amount of homogenate per Warburg flask is 0.3 ml in 3.0 ml total 
volume. Thus the tissue is at a dilution of 1:100, and the various metab- 
Viath as concentrated as in tho original cells. Since in the 
the fubetrates are in general the chief limiting factors in the reaction 
nf fu 860 ^°? c ^ UH l on « P- 336) this dilution has the effect of lowering many 
reactions to 1 per cent of their in vivo rate, nnd in systems with 
"®veral components the effect of dilution is still greater, so that many 
P^sea of metabolism are practically at a standstill, 
asm' °°^ °f rapid dilution has tho qffect not only of pre- 

t~ ®*ymatic components of the cells but of stopping the com- 
snd reftC ^ on * by lowering tho concentration of substrates 


the pnn™, B * C * > m 1186 t'b® homogenate ia the selective activation of 
«trat«L if 10 Un ^ er ■rtudy. With all of the enxymea lacking sub- 

- ^ d( "” on °* 0110 substrate will at first affect only those en- 
- ■' ^ 011 ^bat particular compound. Furthermore, moot of the 


of *** ^ deal have several components, and the addition 

ticular reacti C ?rf tors ^ a . &ven system will tend to make one par- 
reconitruct “Orate-limiting one. Thus by selective activation one can 
particular phase of metabolism that one wishes to study 
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anti, in effect, isolate the reaction whilo leaving tho enzyme in a complex 
milieu. 

4. Control of tide rcacliont. — With convention of the primary or added 
sulwtrato to its product, a second enzyme system is given a substrate on 
wdiich to act. Rut by omitting the cofnctora of tho second system or by 
inactivating the faotors already present one can frequently limit the re- 
action to the primary conversion. Tlius in the succinic dehydrogenoso 
sj’fltcm (35) succinate is converted to furnaratc, which is hydrated hy 
fumnraso to yield malato. Tho problem is to prevent malnte oxidation, 
mainly bccauso its oxidation product (oxalacctatc) inhibits succinate 
oxidation. Omission of tho coenxymo for malic dehydrogenase helps to 
prevent malic oxidation, but In addition It is necessary to add calcium 
ions to increase destruction of tho coenxymr and obtain maximal ac- 
tivity of the succinoxidaso system. 

In tho malic system tho situation is qulto the opposito (20). The co- 
onzymo is added and calcium ions ore omitted. Also, nicotinamide i3 
added to decrease destruction of the coenxymo by nucleotidase. In the 
malio system tho secondary substrate is oxalaectic add. Oxidative re- 
moval of tills compound is minimized by omitting magnesium and aden- 
osine triphoephato from tho reaction mixture, but since the accumula- 
tion of oxalacctatc inhibits malato oxidation it is removed by a trans- 
amination with glutamic acid. 

Each system presents a special problem, but tho principles are the 
samo: tho primary cniymo system is activated by the addition of the 
appropriate cofactors, and tho secondary enzyme systems are inacti- 
vated if possible either by omission of cofactore or by any means avail- 
able. 

5. Choice of madia for homoQtnixalion , — Hie problem of disrupting 
cells without damage to the cellular contents has not been completely 
solved, but considerable progress has been made, and at present we em- 
ploy just two alternative media, either distilled water or alkaline Isotonic 
KCL Since we are dealing with intracellular elements it is no longer pos- 
sible to pattern the composition of the medium on extracellular fluids. 
The use of KC1 instead of NaCl is largely dictated by the fact that po- 
tassium appears to predominate over sodium inside the cell. In addition, 
we have obtained better results with potassium in certain reaction mix- 
tures than when it was omitted. Rocker and Krimaky (81) reported that 
potassium is definitely superior to sodium in their glycolytio system. 

The general rule seems to be that water is the best homogenization 
medium when maximal disruption is desired and when it is not accom- 
panied by inactivation of enzyme systems, whereas alkaline isotonic KC1 
is -preferable when certain cellular elements must be maintained intact. 
Utter, Reiner and Wood (41) obtained m axima l activity with water 
homogenates when studying glycolysis, and we have obtained ma x im al 
activity in the malic dehydrogenase and succinic dehydrogenase systems 
using water homogenates. On the other hand, the ozalacetic oxidase sys- 
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tem U largely Inactivated by homogenisation in water. The distinction 
may be related to knowledge of the ensyme systems involved. It ace me 
possible that the oxalacetic system may indnde unknown cofactors and 
that if theso were available they could be used to obtain activity- in water 
homogenates. Data of Utter, Wood and Reiner (42) and observations in 
our own laboratory suggest that homogenisation in water leads to the 
release of eniymes such os DPN-aao so that inactivation of the phoe- 
phorylatod eo/actor* proceeds more rapidly in the water homogenates 
than in the isotonic homogenates. In instances in which the cof actor can 
bo supplied and its hydrolytic eniymo can be inhibited, as in the malic 
system, the water homogenate may be used and may actually be prefer- 
able. In systems that ore not fully understood, such as the oxalacetic 
and phoephorylative systems, the KC1 homogenate must be used for the 
present In any event, the nature of the media must be specified for each 
system, thus we refer to "water homogenatee" and alkaline isotonic KCl 
or “AIK homogenates." 

The AIK homogenates seem to preeent numerous advantages over 
previously used media when dealing with labile systems. The KCl may 
be superior to a complete or balanced medium which contains phosphate, 
calcium, magnesium and other ions which act a* activators for various 
anryme systems, but this has not been adequately tested. The AIK 
homogenates are relatively free from agglutination and seem to give a 
high yield of broken cells on the basis of the numbers of free nuclei, al- 
though this is difficult to establish. The earlier method of measuring 
cytolysis (25) has been found to be based on a property of the subcellular 
particles rather than of the whole oella. 

That further improvements in homogenisation media are imminent is 
foreshadowed by the work of Hogeboom, Schneider and Pallade (6), who 
reported that the mitochondria obtained from water or isotonic homog- 
enatee were spherical and believed to be products of the rod-shaped 
mitochondria visible in cells. By use of hypertonic media such as 30 per 
cent sucrose they were able to obtain mitochondria which had the Intra- 
cellular morphology. liver homogenates prepared with 30 per oent su- 
crose gave euocinoxidaao values approximating those generally obtained 
with water. Studies on the more labile systems have not been reported. 

The AIK homogenates are made with isotonie KCl (1.16 per oent) to 
which enough KHCO, is added to give a pH of 7.7-6. 1 when in equi- 
librium with air. We add 8 ml of 0.04M KHCO, per liter of KCl and 
aerate for 20-30 min. 

0. Snxyme andyrtt .—' Tbe goal of the homogenate technique is to ar- 
range the experimental conditions so that the measured activity of the 
enxyme is a measure of the concentration of one particular eniymo. 
This U attained only when certain condition* are fulfilled. The first re- 
quirement is that irrelevant reactions do not confuse the measurement 
which in most coses is either a uptake or CO, output as measured in a 
Warburg microresplrometer. When a given reaction is being (studied in 
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and, in effect, isolate the reaction while leaving tlio cujyiuo in a complex 
milieu. 

4. Control of side reactions . — -With conversion of the primary or added 
substrate to its product, a second enxymo system Is given n substrate on 
which to act. But by omitting tiio cofnctore of tbo second system or by 
Inactivnting tbo factors already present one can frequently limit the re- 
action to tlio primary conversion. Thus in the succinic dehydrogenase 
system (35) succinate is converted to fumaratc, wliich is hydrated by 
fumnraao to yield malato. Tlio problem is to prevent malatc oxidation, 
mainly bccauso its oxidation product (oxalncctato) inhibits succinate 
oxidation. Omission of the oocnzymo for malic dehydrogenase helps to 
prevent malic oxidation, but in addition it is necessary to add calcium 
ions to increase destruction of tlio coeniymo and obtain maximal ac- 
tivity of tho succin oxidase system. 

In tlio malic system tho situation is quite the opposite (20). The co- 
onxymo is added and calcium ions are omitted. Also, nicotinamide is 
added to decrease destruction of the cocnxymo by nucleotidase. In tho 
malic system tlio secondary substrate is oxn lace tic acid. Oxidative re- 
moval of this compound is minimi xed by omitting magnesium and aden- 
oeino triphosphate from tho reaction mixture, but since the accumula- 
tion of oxnlaxxitato inhibits malato oxidation it is removed by a trans- 
amination with glutamic acid. 

Each system presents n special problem, but the principles are the 
same: tho primary cniyme system is activated by the addition of the 
appropriate cofactora, and the secondary ensyme systems are inacti- 
vated if poaublo eithor by omission of cofactora or by any means avail- 
able. 

5. Choice of media for homoQerdxalion . — Tlie problem of disrupting 
cells without damage to the cellular contents has not been completely 
solved, but considerable progress has been made, and at present we em- 
ploy just two alternative media, either distilled water or alkaline isotonic 
KCI. Since we are dealing with intracellular elements it is no longer pos- 
sible to pattern the composition of the medium on extracellular fluids. 
The use of KC1 instead of NaOl is largely dlotated by the fact that po- 
tassium appears to predominate over sodium inside the cell. In addition, 
we have obtained better results with potassium in certain reaction mix- 
tures than when it was omitted. Hacker and Krimsky (31) reported that 
potassium is definitely superior to sodium in their giyoo lytic system. 

The general rule seem* to be that water is the best h omogenim id on 
medium when Tim-rimo] disruption is desired and when it is not accom- 
panied by inactivation of enxyme systems, whereas alka lin e Isotonic Kd 
is preferable when certain oellular elements must be maintained intact. 
Utter, Reiner and Wood (41) obtained maximal activity with water 
homogenates when studying glycolysis, and we have obtained ma x im a l 
activity in the malic dehydrogenase and succinic dehydrogenase systems 
using water homogenates. On the other h a nd , the caolacetic oxidase sys- 
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taken; in fact, occasionally normal value* am used from experiment* done at a 
different time and perhaps under aornewhat different conditions. That this prac- 
tice fa not advisable fa evident, rince there sometimes fa unexplained variation in 
activity from one day to the next even with the same eniyme preparation. 

Amumfng that a straight line function fa obtained with increasing concentra- 
tion of homogenate in both normal and diseeeed tissue, there etfll fa a po*ibility 
of error In the cemparfaon. An example may serve to illustrate the point. 

Racker and Krimiky (31) allowed that sodium km inhibite anaerobio glycolysis 
by brain. Neverthdeae Utter rt aL (41) abowed that straight hoe function! could 
be obtained even though sodium ions were used in the reaction mixture. Ob- 
viously if there were sufficient difference in the sodium content of no rm al and 
of Infected tissue, there would be a difference in the glycolysis, and it would be 
judged that there was a difference in eniyme content of normal and of infected 
tfaeue. Actually the possibility of error fa remote on the ba*fa of sodium km be- 
cause the concentration required for inhibition fa fairly high. Nevertheless it fa 
not improbable that an unknown eniyme inhi bitor which was effective in high 
dilation could produce such an effect. 

It would seem advisable to heat-inaetivate the preparation! from abnormal 
tissue and add the heated preparation to homogenates of normal tfasue to 
determine whether any inhibitors or activators ore present in the heated sample. 
In a similar manner there could bo checks between heated normal and abnormal 
homogaiates and also between heated normal and normal, and heated ab- 
normal and abnormal, homogenates. Thfa procedure would provide an addi- 
tional check for detection of unknown factors along with the dilution technique 
need by Dr. Potter. The procedure would by no mean* be infallible because the 
inhiMtori might be beet labile. 

Whereas in principle, at least, it fa undoubtedly true that homogenates should 
be used for the quantitative measurement of ensymes and that extraction pro- 
cedure*! should be avoided, in actual application difficulty fa frequently en- 
countered In use of homogenates, especially if the system fa complex. Hie de- 
struction of neoewuuy oof actors or ensymes by ensymes In the homogenate may 
lead to more variation in activity than would result from incomplete recovery 
of the eniyme during partial purification procedures. 

It all sums up to the fact that a good anay can be done when the reaction fa 
si m pl e , does not involve many oafoctoi* mod the system fa well understood; but 
assays are very difficult in other cireumstancee. 

THE HOitOGBNIZBR 

1. Ccmztnu&on . — TTie hamogenlxer consists of a peetle which rotates 
inside a close-fitting teat tube (28). The tect tube is an ordinary 10X150 
mm pyrex tube. The peetle is made to fit the average size tube. It is made 
of heavy-walled glass tubing having an outer diameter slightly larger 
than the inside diameter of the average test tube, so that when the tube 
and pestle have been ground with carborundum a perfect fit can be ob- 
tained. The glass tubing is sealed at one end and blown to a shape ap- 
proximating the tnaide of the bottom of the test tube. It is then con- 
stricted at a point about 30 mm from the sealed end, pulled off and sealed 
to a 0 ram glass rod about 220 mm long. The cylindrical bulb should then 
have straight sides over a distance of about 20 mm. The pestle is mado 
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terras of 0* uptake It is important that tho other source* of 0 3 uptake 
have been eliminated. This is accomplished as outlined in tho foregoing 
section* 3 and 4. 

Tho second requirement is that tho given entymo be the limiting factor 
in tho reaction. This can bo tested by adding each of the known com- 
ponents of tho system until further addition gives no increase in rate. 
Obviously each addition has to bo made with all the other components 
present in adequato amount. When the given cniymo is the rate-cootrol- 
ling factor, tho rato of the reaction (Lo,, Oi uptako or CO* output per time 
interval) is proportional to tho amount of homogenate added, and this 
test can frequently be mado a part of the routine assay method. The 
basis of tho assumption that under tho conditions described the activity 
ia a measure of tho eniymc concentration is tho following: 

JjOt E — eojymo, S — substrate, A — activator. f.e., ooeniyme or prosthetla group, 
P ■* product 


E + A^EA 
EA +3^EA£ 
EA3 ^ EAP 
BAP — EA+P. 


The ensyme forms a complex with the substrate and the activator, indi- 
cated by EAS. If all the other ensymatio components are in excess, the 
conversion of EAS to EAP is proportional to the amount of EAS. Tho 
problem ia to have as little of E, EA and EAP as possible, with all of the 
cnxymo in the form of the active enxyme-flubstrnte oamplox. From the 
law of mass action the addition of excess A and S will tend to convert all 
of the E into EAS at the beginning, when none of the product is present, 
but aa P accumulates, the amount of EAP becomes greater and the re- 
action slows down. 

Thus if the rate is constant and proportional to the amount of homo- 
genate, it is likely to be a valid measure of the amount of enxyme pres- 
ent. 


Comment by H. 0. Wood 

It cannot be ovorcmphaalsod that all of the suggestions and the implications 
of each step in the assay given here should be followed. The problem is difficult, 
and especially bo when an attempt is made to compare normal and abnormal or 
d boosed tissue as to their enayma content. TTiis is one of the most Important 
applications of the technique, and it should be clearly realised that thsre are 
several sources of error in the comparison. 

' Tfoch step should be tested on both the normal and the abnormal tissue. 
It doe* not necessarily follow that a straight line function with inareaae In homo- 
genate concentration will be obtained with diseased tissue In the same conditions 
In which normal tissue will give a straight line. Another important point b to 
uae the same conditions rigidly throughout for assay of the diseased and normal 
tiBsae. For example, if it Is ne cessa ry to use aseptio technique with the diseased 
n— u- the controls should be treated in the same way so that time relation- 
ahipe, etc., are identical in both test*. Often these precautions have not been 
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peatic la attached to the chuck of a cone-driven stirring motor of the 
Cenco or Sargent type and driven at maximal speed (about 1000 rpm). 
The f notion-drive stirrer is desirable because if a pestle sticks the friction 
drive slips instead of breaking the pestle or tube (see Fig. 1). 

To prepare a tissue homogenate, a tissue sample weighing 500-1000 
mg is c ar efully weighed on a torsion balance of 1 g capacity, graduated in 
fifths of a milligram, such as that made by the Roller-Smith Company. , 
The tube and pestle are kept in a beaker of ice and water with 1 ml of the 
homogenization medium already in the tube to facilitate transfer of the 
tissue to the bottom of the tube. The volume of the medium to be added 
Is then calculated by multiplying the weight of the tissue by 9 and sub- 
tracting the volume of fluid in the tube. The remaining fluid is then 
added, and the tissue is ready to be homogenized. Formerly the homog- 
enisation was done in a small volume of fluid, but more recent knowl- 
edge regarding the hazards of add production makes it desirable to carry 
out the homogenisation in as large a volume as possible. With close- 
fitting homogenirers it is possible to effect thorough homogenization in 
the final volume, while avoiding local acidity as much as possible. Small 
•hrods of connective tissue usually remain in the homogenate, and for 
this reason Mohr pi pots with drawn-out tipe and enlarged openings are 
used to pipet homogenates. Tissues such as heart and skeletal muscle 
cannot bo conveniently homogenised without preliminary mincing with 
a scissor*. These tissues are first weighed and then minced on a small 
piece of plate glass in the cold. The mine© can then be transferred to a 
homogeniier tube and homogenization completed. 

PREPARATIONS 

The homogenate technique is based on the reconstruction of enzyme 
systems following dilution of the enzymes that are found in the homog- 
enized tissue. To restore the enzymes to their full activity, the various 
coeniyme* that are found in the original tissue have to be added back 
to compensate for the dilution and destruction that occurred in the di- 
luted homogenate. Those factors include cytochrome o, adenosine tri- 
phosphate (ATP), the pyridine nucleotides, cooarboxylaae and the vari- 
ous phoephorylated intermediates and intermediary' metabolites that 
may be used as substrates. 

Almost none of these compounds axe available os synthetic chemicals 
and must therefore be prepared from natural sources. The method of 
preparation will not be given hero. The method for cytochrome o prepa- 
ration os modified by Keflin and Hartree (7) has been found advanta- 
geous in this laboratory. LePage has given detailed instructions for the 
preparation of ATP (cf . 39) and DPN (9) , and the latter has been placed 
on tho market by Schwarts Laboratories, Inc., New York, who have 
also made a number of the other compounds available. 
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moro effective by scaling 0 or 7 small beads about 2 ram in diameter to 
the bottom of tho bulb. Tho beads are ground down on emery cloth until 
thoy havo Oat surfaces that approximate tho insido of tho test tube and 
have a right-angled edge which aids in cutting tho tissue. Tho sido walls 
of tho pestle nrc then ground in a tube containing fine carborundum in 
wntcr. 

It is advisable to prepare several pestles and tubes at the same time, 
since tho tubes havo to bo ground with a pcstlo that is too small to grind 



tissue, and the pestles have to be ground in tubes that are too large to 
use for grinding tissue. After a number pf pestles and tubes have been 
given ground glass surfaces they can be matched for use. The pestle 
should fit tho tube as closely os possible without sticking. With continual 
use the tubes become somewhat loose and should be matched with other 

— In order to grind tissues rapidly and effectively, the 

« TS« ti—fl pUc*d on Lb* raaikat br th* C«t»J8d«iUflo Ggnp*ny, CW- 

A modIGc*Ur*i tl»t «rnpioy* fc oonJo*! tub* a m*rk*t»d by IU*ch*r4c JleUcid, Inc., 
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It vrafl found that the cytochrome oxidase activity wu highest in the 
water homogenate*, and a correction factor was suggested to compen- 
sate for the incompleteness of homogenisation, but at present it is un- 
certain whether this correction can be applied to the cytochrome oxidase 
system. It is important that the homogenmtion bo vory thorough. 

Various investigators haw been unable to obtain low rates of auto- 
oxidation in this system, and this has frequently been traced to metallic 
contaminants in the cytochrome preparation or in the other solutions 
employed. Teats in tire complete avatem minus homogenate help to check 
this point. 

2. Succinic (fcAprfropencwr. — Assay for this ensyme, described by 
Schneider and Potter (36), depends on the presence of cytochrome oxidase 
in the tissue earn pie. If an excess of the oxidAse is present and an excess of 

TABLE 2. — Boccmic DiarrouooiniUB Amat* 



cytochrome c is added, the rate of Q, uptake will depend on the rate of 
cytochrome o reduction. With succinate as the sole substrate, cytochrome 
reduction is brought about by succinic dehydrogenase (or by a combina- 
tion of succinlo dehydrogenase and a cytochrome c reductase that Is 
closely bound to the dehydrogenase (cf. 37)). The chief problem is preven- 
tion of oxalacetato formation or accumulation, since this compound In- 
hibits succinic dehydrogenase. It was found that tho addition of both 
calcium and aluminum ions resulted in Q» uptake that uni proportional 
to tiwuKt concentration (36), and these ions are therefore included in 
tlH- reaction mixture given in Table 2. The calcium Iona prevent oxalace- 
late formation (see p. 276). Titc nature of the aluminum effect is not 
fully understood (36). 

3. ifaUe dctydroptnaH— The assay for tills eniymc using tho homog- 
enate technique was described by Potter in 19-10 (26). Chief precautions 
are prevention of oxalacctatc accumulation and prevention of DPN dc- 
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INDIVIDUAL fZXZYMES 

1. Cytochrome oxidase . — An improved method for assay of this eniyme 
was described by Schneider and Potter in 1013 (35). The assay is carried 
out on 1 per cent wator homogenates of tissues. It is sometimes conven- 
ient to preparo a 10 per cent homogenate in order to achieve hotter sam- 
pling, and then to dilute to 1 per cent for use. The assay depends on a non- 
> enzymatic reduction of cytochrome r , which then serves ns the substrate 
for cytochromo oxidase. Tho assay is complicated by the fact that any 
compound that will reduce cytochrome c nonenxymntically is also more 
or Jess autcwoddlzabtc, and nny assay for cytochrome oxidase must be 
corrected for Oi uptake that results from spontaneous oxidation of the 
reductont of the cytochrome. The auto-oxidation of the ascorbic acid in 
the absence of tissue may be higher than in tho presence of tissue if crit- 
ical amounts of metal contaminants arc present. Potter and Schneider 
therefore dovtecd a three point assay that enables ono to correct for the 
rate of auto-oxidation In the presence of the tissue. The three points are 
obtained by measuring tho rate of O* uptake at three different concentra- 
tions of tissue that arc chosen to givo Os uptake rates of 20-60 cu mm of 
Oi/lO min. Tho amount of tissue to use depends on tho tissue under study 
and must bo determined by trial. In tho case of rat liver the appropriate 
amount was 0.10, 0.15 and 0.20 ml of 1 per cent homogenate (Table 1). 
The tissue samples were not chilled and the reaction mixtures were set 
up at room temperature. The three flasks per sample ore set up *a in 
Table 1. 

The ascorbato is prepared just before the test by adding 0.1N NaOH 
to solid ascorbic acid in tho proportion of 1 ml of the alkali per 20 mg of 
the acid. 


TABLE 1. — Cttocotou* Oxidau Amir* 


Addition 

HiO (to mjdte 8 mB 

0.1M phosphite (NfcHjPOi-NsOH to pH 
7.4) 

2.4 X 10 -, M cytochrome c 

4 X 10 “*M A1CL 

0.114M N» Moorhete; pH 6.7-7.0 ' 

1% water bomogenxte 

run 1 

Fu» * 

runt 

ml 

O.SO 

1.00 

1.00 

O.SO 

0.30 

0.10 

ml 

0.26 

1.00 

1.00 

O.SO 

0.90 

0.16 

ml 

0.20 

1.00 

1.00 

0.90 

0.80 

0.20 

Results 

Oi nptsio/10 min (*■*-'. rut Utm, nr. of 4 10- 

rnfn p«nk)d*) 

Subtract ertnspolition to sero tissue ctm- 
oentrstton 

>JO, 

90.4 

4.8 

#JO, 

43.2 

4.8 

do* 

66.0 

4.8 

Corrected upUke/10 min 

0» upUke/10 mln/mt wet weight; % dry 

Q^ofof Oi/m* dry wright/hr) 

25-6 

25.6 

612 

38.4 

26.6 

612 

61.2 

26.6 

612 
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the rato is proportional to the tissue concentration. Hie rate of inorganic 
phosphate formation must be corrected for the amount of inorganic 
phosphate in the tissue and in the ATP. The reaction mixture is kept in a 
small volume in order to conserve ATP. The reaction nurtures are set up 
as in Table 4. 


TABLE 4. — Aobxocxnr TiurnoAmaraan Am at* 



Tea a 1 

Tea* J 

Ttul 

Team 4 

Tar* 3 

Addition 

*al 

n*l 

Ml 

art 

tnl 

H«0 (to make 0.65 mi) 
0AM dlethylbarbitarate 

0.25 

0 15 

0 50 

0.30 

0.35 

pH 7.4 

0 15 

0 15 

I 0.15 

0 15 

0.15 

0.04M CaCh 

0 05 

0 05 

; o 05 

0 05 

0.05 

CL01M ATP pH 7.4 

1% water homogenate: 

0 20 

0 20 



0,20 

added 2 or 8 min after 
tabes are placed In ther-j 
moatat 

0.10 

0.20 


0 20 


BeaulU of P analyar* 

1 tag Urvr 

1 «i* Beer 

atiiou 

Tiara* 

ATP 

Optical denrity (15) 
Sabtract ATP b«u\k 

0.336 

0.110 

0.553 

0.110 

0 

0 018 

0.110 


0.217 

0 431 




Subtract tbaun blank 

0 000- 

0.018 




Corrected K value* 

0.208 

0 <10 




£/mg lhrer/15 min 

0.53 

0.52 




yPJmt Hrer/15 min 

13.1 

13 1 • 





* Bm h U o o Mater* U* 10 X SO nun tart l«b**i bratatwi for 1* cam rt ST O; imtrtfcm Howtl 
wHi 0.1 ill at *0% trWhtar***tM mU; 04 ml «lVr»ota UMri (or p &•*)*-*•« 


Comment ty U. 0. Wood 

It Moms poarfbi© that this M*ay may be subject to error under certain condi- 
tions. Pint, ATP may be formed by synthetic reactions and in part mask the 
concurrent breakdown of ATP, The ATT synthods might not occur unlaw ATP 
wai added to atart the reactions, for example in gfyooJyds. However, in DuBoU 
and Potter’s away the high dilution of homogenate and lack of energy touree 
would make unlikely the occurrence of auefa eynthwda. The *ecoad and perhaps 
more probable source of error Involve* the role of a bexo*epho*phata*e. If hexo- 
ktoaw were present in the homogenate and abo a email amount of glucose or 
hexnecphoapiiaie, ATP would phoephoryiate the giucoee and the reeulting hex- 
oeephoaphate would be broken down by the hevoeephoephaiaae, yielding inorganic 
phosphate. In thb ease the phosphate of ATP would be converted to inorganic 
phosphate without intervention of ATP-aee. The following reaction* are 21 ue- 
trafctve: 

Imn Hnun 

ATP + gluawe .> ghioow-A-PO, + A DP 

bexaaephoapluttaae 

ahKwe^-POt > gtoooae + HJO t 

Sum - ATP ► ADP + EUPO, 

Where** the*e reactions may not greatly influence the away of ATP-aae, they 
are poealble »ourc« of error and aheadd be borne In mind. 
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struotion. Neither of theso ends can bo completely attained, but they arc 
probably effected to an extent that permits an estimation of the malic 
dehydrogenase. The oxalncctntc is removed non oxidatively by means of a 
transamination reaction (glutamate -f- oxalacetate — * kctoglutarate + 
nspartate) and the DPN destruction is blocked by nicotinamide. It is 
probably unnecessary to add more transaminase because of some paral- 
lelism between the amount of malic dehydrogenaso and transaminase; 
however, a good method for preparing transaminase is available (84) and 
it can be added to tho reaction mixture if necessary' 

As In tho ease of cytochrome oxidase and succinic dehydrogenase it is 
probably unnecessary' to keep tho homogenate and the reaction mixture 
cold during tho preliminary operations. Recent studies (30) have indi- 
cated that delayed addition of DPN from a side-ann Is probably superior 
to tho use of iced flasks with no side-arm. 

The reaction mixture employed is given in Table 3. 


TABLE 3. — Malic Drm-DBoaESAaE A mat* 



I 

Fu«J 

Addition 

ml 

ml 

H,0 (to mako 8 ml) 

0.1M nhoanhate pH 7.4 (Table 1) 

0AM Na glutamate 

0.7 

0.6 

0.8 

0.8 

0.8 

0.3 

0AM nicotinamide 

1% DPN (oqulralent to 6000 7 /ml) Id 

0.8 

0.3 

0.2 

aide-arm 

0.2 

4 X 10-^M cytochrome c 

I 0.8 

0.8 

5% water homogenate 

0.1 

0.2 

ReaulU 

JO, 

,10, 

O* uptake /10 min (ex.: rat liver, beat 2 
consecutive 6 min periods In lat 20 




36.0 

48.8 

O, nptake/10 min/mg wot weight 

6.0 

4.88 

Qo, 

ioo 

97.6 


* ’WArbwri_ll**k* witi cm rid* tftn m my b* no d] folded filter p*t*r; 10 •qaILii*»Man l t*B*- 
P*r»tur* *7 0) »j 1 uddl* mhtinMi t>»a trilled to pH 7. *-7.0. 


4. DPN — cytochrome c nduclaxe . — Assay for this enayme may be car- 
ried out using the reaction mixture employed in the malic dehydrogenase 
assay (Table 3), except that an excess of malic dehydrogenase is added 
to make the cytochrome reductase the limiting factor in the oxidation 
(26). An excellent preparation of malic dehydrogenase has been de- 
scribed by Straub (38) ; it may be lyophilised or frown in solution. It is 
used at a level of about 60 y per flask (30). In general, the level of cyto- 
chrome reductase is slightly higher than that of malic dehydrogenase. 

6. A TP-axe.-— The rate at which ATP can be dephoephoryiated may bo 
studied by the method of DuBoia and Potter (4). Water homogenates 
prepared at room temperature may bo used. Homogenisation should be 
very thorough- Tho rate of inorganic phosphate formation is measured 
under conditions such that the reaction is linear with respect to tune and 
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The oxalaoetic oxid&ee system has given good results with liver, in 
which the rate of Oi uptake has been proportional to the amount of 
homogenate, and oxidation of oxalacetate has been much more rapid 
than that of pynivnte alone. Studies with other tissues indicate that the 
system is still not fully reconstructed. 

2. Ondattre phosphorylation . — Studies have been carried out with 
whole homogenates following the principles established by experiments 
with extracts, particularly those of Ochoa (20, 21). In earlier work with 
homogenates it was assumed that water homogenates would have to be 
used in order to obtain complete oeU disruption and overcome permea- 
bility barriers against ATP (23, 24, 27). It was subsequently found that 
the isotonic KC1 homogenate was relatively oeU-freo and that it per- 
mitted oxidation of oxalacetate whereas water homogenates, of liver at 
least, were inactive on oxnlaoetate (27). The water homogenate permits 
succinate and malate oxidation and may be useful in studying phos- 
phorylations connected with singlo oxidative steps. However, water 
homogenisation appeare to lead to marked phosphatase action, and fluo- 
ride must be included in the reaction system to show a net uptake of in- 
organic phosphate. Furthermore, accumulation of the high energy phos- 
phate presents a problem that has not been solved. When inorganio phos- 
phate uptake occurs the phosphate can be accumulated in the form of 
ATP, using ADP or AMP as the phosphate accepter. However, break- 
down of ATP to inorganic phosphate increases with ATP concentration, 
and the Ideal maneuver would be to transfer the high energy phosphate 
to a secondary reservoir so as to maintain the ATP concentration low. 
Such a secondary reservoir exists in the form of the creatine-phospho- 
creatine system and was utilised by Potter (24) to capture the energy of 
oxidation. It was shown that the creatine transphosphoryhue was low in 
liver tissue aitd that additions of the crude enxyme increased the uptake 
of inorganic phosphate. However, this transphosphorylase has not been 
obtained in pure form, and use of the crude ensyme is not recommended. 

Another method of accumulating high energy phosphate outside the 
ATP reservoir would be to utilise the hexo kinase and phosphofructo- 
kinnse reactions, accumulating the phosphate in the form of hexose- 
phosphate. This man euver is fraught with difficulties, however, for sev- 
eral reasons. The factors which govern activity of the hexokinase and 
phosphofructoldnaae systems are poorly understood and they seem to 
exhibit a low order of activity in certain tissue homogenates. However, 
yeast hexokinase could be added were it not for a second haiard, namely, 
the uncontrolled action of the phosphatases that split off the phosphate 
from the hexoeephosphntes. The third complication is the fact that the 
hexoeediphosphate that might be formed will be glycolyxed if the re- 
action mixture contains DPN. Gtyoolysis would introduce another source 
of phosphate esterification and would also lead to secondary reactions. 
Thus the Ingenious interlocking of the metabolic cycles makes difficult 
the technical separation of the component systems. 
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0. Miscellaneous . — The homogenato technique can obviously be em- 
ployed for assay of any single enzyme that catalyzes a reaction In which 
tho substrate and cofactors arc readily obtainable. If the cnxymo acts 
directly on tho substrate and produces a measurable end-result without 
tho co-ordinated action of other enzymes, the problem Is relatively 
simple. Numerous hydrolytic reactions fall In this category. The main 
difficulty Is control of side reactions, and each ease represents a special 
problem. Many of the enzymes oonccrncd in vital processes are not 
readily studied individually, but at tho present state of knowledge can 
bo studied os members of an oniymo system, discussed in the following 
section. 

ENZYME SYSTEMS 

1. Oxalaceiic oxidase system . — Work on this system is still in the pre- 
liminary stages, and the system bore described cannot bo said to be an 
assay for a specific enzyme. It is apparently the system referred to by 
Green (6) as "cyclophoroso” in that it catalyzes the oxidation of all the 
members of tho Krebs cycle. Since the oxidation of oxalacotic acid seems 
to bo a more critical step than some of tho others, we have concentrated 
on tho use of oxalacctio acid ns tho substrate. Oxidation of oxalacetic 
acid may be studied in homogenates if certain precautions are taken. In 
contrast to tho succinic and malic dehydrogenases, this enzyme system is 
rendered ineffective by hombgenization in water and must be kept odd 
until the assay is begun. This may be a reflection of the inadequacy of 
proeent knbwiodge of tho system. Tho oxidation probably follows a par- 
tial conversion to pyruvic acid and the Krebs condensation. The reaction 
mixture is given in Table 5. 


TABLE 6 . — As*at or tot Oxalacitic Oxtdass Snmm* 
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enate (42). These result* were in contrast to those of Meyerhof and 
Geliaxkowa (13), who found high activity in extraots and low activity in 
whole homogenates, but tho discrepancy was apparently due to the fact 
that Meyerhof was using less HDP and the main substrate was glucose. 
When both glucose and HDP were present in higher concentrations, re- 
sults were more comparable to those of Utter d aL (12, 14). The extracts 
were shown to contain very little ATP-aso, while the residues contained 
about 90 por cent of this enaymo. 


Comment by H. 0. Wood 

Although difference* b HDP concentration probably account for the fact that 
Utter ti aL obtained higher activity with homogenate* than did Meyerhof and 
GeJIarkowa, there hi an additional discrepancy in that the extract* obtained by 
Utter ei aL with isotonic aollne were of low activity, whereoa Meyerhof and 
GeUtikorra'a extracts were very active. The most likely explanation Is that the 
grinding wan not as effective in tto experiments of Utter eted. or that there was a 
difference in the efficiency of centrifugation in preparation of the extract. 

The reaction mixture described by Utter it aL has been the model for 
similar studies on chick embryo (18) and on tumor homogenates (10) by 
Novikoff, Potter and LePage, on liver by Reiner (33), on kidney, liver, 
brain and tumor by LePage (10) and on brain by Racker and Krfmsky 
(31, 32). The reaction mixture described in Tablo 6 is based on the ex- 
perience in this laboratory (10, 18, 19) following the other publications. 


TABLE 6.— A*uy or to* Gltcolttto 8t*tbu (without FlCoutd*)* 


An men 

[ Tikxl klouixrrr | 

| ruw i 

Fuul 





0.1MM KC1 

0 051t 

0.8 

0,7 

CUM grtaarfum pbo*phato pFI 7.6 

0.0 IM K-AT^ 

0.01 

0 06 

0.8 

0.3 

0.3 

0.3 

0.00067 

0.2 

0.2 

0.4M nicotinamide 

0 04 1 

0.3 

0.8 

aoiM K-DPN 

0 00033 ! 

0 1 


0.04M K-HDP 

0 004 

0.3 


0.1M ctaeoae 

0.1M MtO* 

0.016M K-pyruvate 

10% AIK b£*Qog*n*ta 

0 01 

0 3 


0 0033 

0 003 

0 1 

0.1 

0 2 

0.1 

0.1 

0.3 


— wtthnt •rfr-erm* may b* fl eta timptntm •qKiHbrstkn: Ua&wTttn™ 

Nr*S COi CLted* Oi fm); tukj pmj brttttmU rruoUm 

t Iwm Ka h laooma*. U. f» tb* #»orU«»y»t«, BmJ MUHlr erf H«or*i» k 0 Oluj Um 

» u«n»«d U O.DIM. 


Dve rate of glycolysis in this system Is considerably faster than that of 
glycolysis in slices. This difference was attributed (10) to the fact that 
glycolysis in slices is based on glucose as a substrate, whereas in the 
homogenate the hexoeediphosphate Is the main substrate. It wua sug- 
gested that in the slices the rate is probably determined by the rate of 
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At present the crept ino-phospliocrentlno system appears to be the most 
promising os an accumulator of phosphate bond energy, although it can- 
not be used in the ease of liver until pure crcatino transphcwphorylase is 
available. Among the other advantages of the crcatlnc-phosphocreatino 
system is tlm fact that phosphocrcntine is readily separated from ATP 
and inorganic phosphate. This is done by means of n sealed down appli- 
cation (23) of the method of Fiske and Stihbnrow. 

Comment by II. G. TVaxi 

It is to bo noted tliat licxosophoepliatc lias been successfully used as a reservoir 
of organic phosphate by Ochoa nod Cori and others. In the tissues which they 
used the bcuosopliosphataae activity was not high. Also, there is a possible diffi- 
culty In the use of creatine as the phosphate acceptor In that the reaction 
catalyzed by creatine trnnsphosphorylase is reversible, so that In the presence 
of ATP-aso the high energy phosphate would bo lost through conversion of crea- 
tine phosphate to ATP and destruction of ATP by ATP-ase. 

Systems for study of oxidative phosphorylation in homogenates haw 
been published (23, 24, 27), but it cannot bo said that a routine technique 
lias been established, and consequently none is presented here. 

3. Fatty acid oxidase system . — Oxidation of fatty adds by washed liver 
homogenates was obsorved by Munoz and Loloir (16) and by Lelininger 
(8), who showed the importance of ATP in this system. Potter (26) con- 
firmed this work and emphasised tho offcct of tonicity on the system, 
showing that hypotonic media during either tho assay or the washing 
process caused marked decreases in activity. The assay has not been 
placed on a quantitative basis, but it is now clear that the procedures 
could be readily developed on the basis of published data (8, 25). The 
essential point is use of the isotonic homogenate and use of sufficient cen- 
trifugal force to throw down all of tho fatty acid oxidase during the wash- 
ing period; this might bo checked by measuring the amount of suedn- 
oxidase in the residue (26). This euccin oxidase value could probably be 
raised to nearly 100 per cent of the' value for the whole homogenate and 
could be used to indicate recovery of the particles in the residue. 

4. Glycolytic enxymes . — The first attempt to study glycolyms in fortified 
tissue homogenates was described by Utter, Reiner and Wood (41). 
Their discussion is a most lucid analysis of the role of in vitro measure- 
ments in the study of metabolio disorders. They obtained high rates of 
glycolysis in brain homogenates over periods of an hour or more. Their 
reaction mixture oontained ATP, glucose, HDP, DPN, Mg ions, phos- 
phate, nicotinamide and bicarbonate, in addition to brain homogenate. 
They later oompared homogenates with extracts obtained as the super- 
nates from centrifuged homogenates and found that in the case of iso- 
tonic saline homogenates the extract contained much leas activity than 
the whole homogenate, whereas in the case of water homogenates the ex- 
tract contained about the same amount of activity as the whole homog- 



THE HOMOGENATE TECHNIQUE 835 

eniyme system required for the synthesis and in the absence of the en- 
zymes that catalyze the breakdown of the energy-rich intermediates. A 
fourth approach that might be inoluded is addition of ATP at a rate that 
is greater than the sum of the multiple dephosphoryhiting mechanisms, 
but this is not to be recommended since the accumulation of products of 
ATP breakdown is likely to affect the reaction adversely. 

The various successful syntheses carried out thus far have succeeded 
at least partially in attaining the conditions classified above, and al- 
though routine studies on diverse materials are not yet indicated, a num- 
ber of studies show the possibility of studying the synthetic reactions. 
Thesyntheces of acetylcholine (10, 17), urea (2) and peptide bond models 
such as hi pp uric acid (1), p-eminoliippuric acid (3), glutamine (36) and 
acetjiated aromatic amines (11) all attest the importance of the ATP 
reservoir in biosynthesis. Further progress in controlling the multiple 
pathways of ATP breakdown should make ft possible to study many 
otter syntheses. 

CONCLUSION 

The methods outlined in the foregoing discussion are primarily con- 
cerned with attempts to determine the concentration or potential ac- 
tivity of various enzyme systems in animal tissues. It is realized that the 
activity of the individual enzyme systems is subject to many con trolling 
factors in vivo. Theso factors involve not only spatial segregation of 
enzymes but changes in the chemical environment. The availability of 
quantitative methods prepares the way for study of the control mecha- 
nisms, because the distribution of enzymes in tissues in different physio- 
logic states, in different parts of the tissuo and in different parts of the 
cell can be determined. Furthermore, it is possible to study the manner 
in which enzymes produce changes in the chemical environment and the 
effect of these changes on the activity of other enzymes. 

Thus the measurements of enzyme concentration are the first stage of 
tho larger task, which is to discover tho control mechanisms and mode of 
organization of the enzymes in the living animal, so that derangements 
in metabolism may be understood and corrected. 
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oonvorslan of glucose to IIDP, whereas in the homogenate the rate is 
dotenninbd by the enzymes that occur between IIDP and lactate. 

The reaction mixture can be modified plight ly to include fluoride, 
which blocks conversion of phosphopynivntc to pyruvnte by preventing 
the formation of 2-phosphoglyrcratc. Tho fluoride inhibits phosphatase 
and ATP-nse to a considerable extent, so that a net uptake of inorganic 
phosphate can occur os a result of tho extra phosplinte fixed by oxidation 
of triosephosplmte. This phosphate must Ixi transmitted via the ATP 
system to glucose or creatine if n not uptake is to occur. Sinco formation 
of pyruvate is prevented, extra pyruvate must be added to act as an H 
acceptor for oxidation of triosephosphate to phosphoglycerate. In this 
syBtcm, according to theory, the COj due to ncid, the pho=<phogIycerate 
and the lactate should all be formed in equivalent amounts. 

Comment by If. Q. Wood 

When complex systems such as those described in section 4 are used. It ii 
apparent that the measured rate of the over-all reaction Is not an Indication of 
the activity of the individual enzymes. The slowest reaction of the group will 
determine the over-all rate. The valuo of this method of enzyme study Is con- 
siderably increased if It is combined with on analysis of end-products and inter- 
mediary compounds, such as phosphate ester*. In this way a disturbance in the 
balance of enzyme reactions can bo detected and an indication of tho alteration 
In an individual enzyme may be deduced. An enzyme assay for the single enzyme 
can then be undertaken. 

It is, of course, much more difficult to make comparative measurements with 
these complicated systems because the over-all reaction is a delicate balance of 
many linked reactions. 

Note; — M ethods for determining the end-products and intermediate* are 
given in the following contribution by Dr. LePage. 

6. Synthetic reaction *. — The studies directed toward the elaborati® of 
oxidative or glycolytic systems that would maintain the ATP reservoir 
have been carried out on the assumption that this reservoir is of con- 
siderable importance as a source of energy for the various synthetic re- 
actions that occur in cells. A number of studies in recent years have indi- 
cated the fulfilment of this premise, and it is now fairly clear that any 
enzyme system in which ATP is nonspecifically dephosphorylated is 
rather unlikely to support a synthetic reaction. Even in tho event of syn- 
theses that involve other energy sources it seems likely that the ATP res- 
ervoir is in dynamic equilibrium with the syBtem and that both will be 
depleted together. Thus an in vitro enzymatic synthesis must be 'carried 
out by (a) eliminating all or most of the mechanisms for the dephos- 
phorylation of ATP except the particular synthetic reaction under study, 
(6) providing energy-yielding reactions such as glycolysis or oxidation 
that will TTim'ntnin the ATP reservoir in the presence of multiple de- 
nhosphorylatmg mechanisms, (c) preparing energy-rich intermediates 
that wifi react exergonically to give the synthesis in the presence of the 
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In studies or cellular metabolism it is frequently advantageous to meas- 
ure the reactants and products of the eaxymatio reactions in vivo. To 
carry out valid analyses for metabolites, there is needed a means of 
rapidly inactivating enzymes, or suspending their activity, without 
affecting the metabolites chemically. Many analytical dAta in tho litera- 
ture have suffered from insufficient attention to the necessity for rapid 
stopping of onsymntic reactions. 

A number of investigators (11, 21, 47) liave recognized the necessity 
for using rapid freezing teclmiques to suspend tissue reactions in study of 
carbohydrate metabolism, where it is readily observed how rapidly auto- 
lytic changes modify the levels of reactants. It is clearly demonstrated, 
for example, that removal of a rat brain and inactivation in trichloracetic 
acid, a process wliich can be accomplished in a few seconds, results in 
phosphocreatino analyses which are only 25-30 per cent of those ob- 
tained by first freezing tho intact animal in liquid air, dissecting the 
brain out in the frozen state, powdering the sample and then inactivating 
the frozen powder in trichloracetic acid. Similarly, one finds a several-fold 
higher lactio ocid level in the former instance. 

Several freezing agents are available, each of which has its advantages. 
In working with certain accessible tissues such as muscle, it is sometimes 
possible to achieve excellent results by packing the area with dry ice. 
This does not give especially rapid freezing but minimizes stimulation. 
Tissues may bo immersed in mixtures of dry ice with orgonio solvents 
(alcohol, ether). Here a temperature gradient of some 108 C is available 
and heat transfer is rapid because of tho good conductivity of the or- 
gauio liquid. However, If small sumples are used, there is some disadvan- 
tage in that the sample becomes wet with the solvent, and this typo of 
mixture Is not particularly convenient for chilling vessel* in which tissues 
are to be powdered. A better gradient lias been obtained by tho use of 
isopentane chilled with liquid nitrogen or liquid air. Extra precautions 
are required when liquid air is used with organic solvents because the 
combination gives dangerously explosive mixture*. Liquid air itself is a 
C°od agent for freezing. It can be poured over a tissue, such as tbo ex- 
posed bruin of an anesthetized animal, or tissues may bo immersed in it. 
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or phosphoribonic acid series of compounds, which do not lend themselves 
to separation by barium fractionation. Xor does it provide for estimation 
of such highly labilo materials as acetyl plio^plinte, which are usuall}* a 
separate analysis problem (33). However, tills scheme of analysis pro- 
rides a hasis from which to expand to meet new experimental needs. 

PREPARATION AND EXTRACTION OF TISSUE 

The tissue, or whole anima l if desired, is dropped in liquid air. With 
whole animals it is advisable to uso nn anesthetic; study of various 
agents indicated that nembutal was quite suitable. Study of several tis- 
sues of the same rat can be done by this means. If the animal is frozen as 
soon os it reaches surgical anesthesia (3-4 min), little effect of the anes- 
thetic on the tissues can be noted; it merely prevents a convulsive re- 
sponse to tho sudden cold contact. That low lactato lewis, etc., obtained 
with nembutal on resting tissues are not due just to inhibition of glycoly- 
sis is indicated by the facts that high lactate levels ore obtained in brain 
with nembutal overdosage and that tumors, which have no innervation, 
give identical results when frozen with or without nembutal anesthesia 
(30). Tissues are dissected out of a carcass in tho frozen state with chisel 
and hammor. Becauso of cleavage lines, which can be learned by experi- 
ence , it is thus possible to obtain kidney, brain and heart intact and free 
of other tissues. Samples of rnuaclo and liver are readily obtained. Pre- 
cautions must bo observed to avoid including small splinters of bone 
with brain and muscle samples. 

Insertion of a thermocouple down the esophagus to the stomach of a 
300 g rat and immersion of the rat in liquid air permitted determination 
of the rate of freezing of Internal organs. For the internal organs to reach 
0 C, some 20 sec was required. To reach liquid air temperature 40-00 sec 
was required. For this reason some sacrifice of resting conditions is made 
for the liver samples by freezing the whole animal. Opening the animal 
and excising into llqtdd air appears to give optimal results for liver. This 
is not necessary for other tissues, in our experience. 

When dissection is complete, the tissue sample (1-2 g) is put in the 
steel grinder (Fig. 1) with liquid air. The grinder and pestle are chilled by 
use of liquid air, and the samplo is hammered once or twice with the 
pestle just after tho liquid air boils off. Any sample clinging to the pestle 
is quickly scraped off with a chilled spatula and more liquid air added to 
the resulting tissue powder. When the last of tho liquid air boils off again, 
while the sample is still very cold, It is transferred to a small paper and 
quickly slid into a weighed tube containing 6-7 ml of 10 per cent tri- 
chloracetic add. This inactivates tho enzymes and prevents enzymatic 
change. Baweighing gives tissue weight. The sample is mixed briefly with 
a loot* stainless steel or glass homogenizing pestle (40). This serve* to mix 
and aid in extraction of the sample. Real homogenization of the tissue 
should bo avoided, since interfering phosphorus compounds are added to 
tho extract from liver by thi* procedure, and in brain samples homog- 
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There la the possible disadvantage that heat transfer Is slowed by for- 
mation of a gaseous layer next to tho sample. However, it provides an ex- 
cellent temperature gradient (223 C) and is completely innocuous, does 
not contaminate the sample in any way and is quite safe as long as no 
contact with orgnnic solvents is permitted and no attempt made to con- 
fine it to a closed system. Small animals such as mice and rats can bo 
thrown directly into n vacuum bottle containing liquid air* and rapidly 
frozen. It is with the description of this technique and subsequent analy- 
sis of tissues for intermediates of carl >oh yd rate metabolism that this dis- 
cussion is mainly concerned. 

That phoaphorylntcd carbohydrate intermediates and related com- 
pounds play an Indlspensnblo role in intermediary motabolism of animal 
and certain other tissues is well established (32, 41). A great variety of 
analytical techniques Imvc become available for measurement of the in- 
dividual phosphorylatcd compounds in tissues. But since Lohmann's 
work (34) few attempts have been made to provide a co-ordinated 
scheme of methods. Yet if one wishes to study phosphorylation in intact 
tissues, especially on small experimental animals, a co-ordinated scheme 
of micromethodft is essential. Tho components in which one is interested 
in such a study include inorganic phosphate (ortho-), total add-soluble 
phosphorus, adenosine triphosphate (ATP), adenosine diphosphate 
(ADP), adenylic acid (AA), fructoee-l,0-dipha9phate (hexosediphos- 
phato), glucosc-l-phosphatc, glucose-O-phosphate, fructoee-8-phosphflte, 
phosphoglyceric acid, phosphopyruvio acid, trioeephosphates (glyccr- 
aldehyde phosphate and dihydroxyacetone phosphate), glycogen, lactio 
acid and coensyrocs (pyridine nucleotides). Contemporary concepts of 
the interrelations of these matorials have been reviewed by Lipmann 
(32), Knlckar (18), Burk (7), Potter (41) and others. 

The method described here permits estimation of each of the materials 
listed in the preceding paragraph on a relatively small sample of tissue 
(1-2 g wet weight). It has proved satisfactory for muscle, heart, brain, 
kidney and liver (1, 28, 20) and ia useful, with limitations and modi- 
fications, for bacteria, algae, oat seedlings and yeast (2, 12, 26-27). 

The method consists, in brief, in extraction of the "add-soluble” phos- 
phorus from the powdered frozen tissue with trichloracetic arid, sepa- 
ration of this extract into three well defined fractions by means of barium 
and alcohol and determination of the known components of those frac- 
tions by means of their characteristic properties. When this has been ac- 
complished, the results are checked by construction of a balance sheet to 
determine how much of the phosphorus of each fraction is accounted for 
in terms of the oomponents measured. 

It must be recognized that in new experimental circumstance*}, or in 
othor tissues, modifications in the procedure may be necessary. It con- 
tains as now designed, no provirion for estimation of thephosphoglucotiic 

0 A rmrietT of inexpenilTO tictiuto bottle* with wide or narrow mouth* are obtainable 
Iro*n Amwioan Thermo* Bottle Co-, Norwich, Conn. 
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orphoephoribonic acid series of compounds, which do not lend themselves 
to separation by barium fractionation. Xor docs it proride for estimation 
nf such highly labilo materials ax aectvl phosphate, wiiich are usually a 
separate analysis problem (33). However, this scheme of analysis pro- 
rides a haris from which to expand to meet new experimental needs. 

PREPARATION AND EXTRACTION OF TISSUE 

Tho tissue, or whole animal if desired, is dropped in liquid air. With 
whole animals it is advisable to use an anesthetic; study of various 
agents indicated that nembutal was quite suitable. Study of several tis- 
sues of tho same rat can be done by this means. If the animal is froxen as 
soon as it reaches surgical anesthesia (3—1 min), little effect of the anes- 
thetic on the tissues can be noted; it merely prevents a convulsive re- 
sponse to tho sudden cold contact. That Ion- lactate levels, etc., obtained 
with nembutal on resting tissues are not due just to inhibition of glycoly- 
sis is indicated by the facts that high lactate levels are obtained in brain 
with nembutal overdosage and that tumors, which have no innervation, 
give identical results when froxen with or without nembutal anesthesia 
(30). Tissues are dissected out of a carcass in tho froxen stato with chisel 
and hammer. Because of cleavage lines, which can be learned by experi- 
ence, it is thus powdblo to obtain kidney, brain and heart intact and free 
of other tissues. Samples of muscle and liver are readily obtained. Pre- 
cautions must be observed to avoid including small splinters of bone 
with brain and muscle samples. 

Insertion of a thermocouple down the esophagus to the stomach of a 
300 g rat and immersion of the rat in liquid air permitted determination 
of the rate of free sing of internal organs. For tho internal organs to reach 
0 C, somo 20 sec was required. To reach liquid air temperature 40-00 sec 
was required. For this reason some sacrifice of resting conditions is made 
for the liver samples by freezing the whole animal. Opening the animal 
and excising into liquid air appears to give optimal results for liver. This 
is not necessary for other tissues, in our experience. 

When dissection is complete, the tissue sample (1-2 g) is put in the 
steel grinder (Fig. 1) with liquid air. The grinder and pestle arc chilled by 
use of liquid air, and the sample is hammered once or twice with the 
pestle just after the liquid air bods off. Any sample clinging to the pestle 
is quickly scraped off With a chilled spatula and more liquid air added to 
the resulting tissue ponder. When the last of the liquid air boils off again, 
while the sample is still very cold, it is transferred to a small paper and 
quickly slid into a weighed tube containing 0-7 ml of 10 per cent tri- 
chloracetic acid. This inactivates the enzymes and prevents enzymatic 
change. Rewrighing gives tissue weight. The samplo is mixed briefiy with 
a loose stainless steel or glass homogenizing pestle (40). This serves to mix 
and aid in extraction of the sample. Real homogenization of the tissue 
should be avoided, since interfering phosphorus compounds arc added to 
the extract from liver by this procedure, and in brain samples homog- 
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There is tho possible disadvantage that heat transfer is slowed by for- 
mation of a gaseous layer next to the sample, Ilowcver, it provides an ex- 
cellent temperature grndient (223 C) and is completely innocuous, does 
not contaminate tho sample in any way and is quite safe as long os no 
contact with organic solvents is permitted and no attempt made to coo- 
fino it to a closed system. Small animals such as mice and rats can be 
thrown directly into a vacuum bottle containing liquid air* and rapidly 
frozen. It is with the description of tills technique and subsequent analy- 
sis of tissues for intermediates of carbohydrate metabolism that this dis- 
cussion is mainly concerned. 

That phosphorylatcd carbohydrate intermediates and related com- 
pounds play an indispensable role in intermediary metabolism of animal 
and certain other tissues Is well established (32, 41 ). A great variety of 
analytical techniques have become available for measurement of the in- 
dividual phosphorylatcd compounds in tissues. But sinco Lohmann's 
work (34) fow attempts have been made to provide a co-ordinated 
schcmo of methods. Yot if one wishes to study phosphorylation in intact 
tissues, especially on small experimental animals, a co-ordinated scheme 
of micromcthods is essential. The components in which one is interested 
in such a study include inorganic phosphate (ortho-), total add-soluble 
phosphorus, adenosine triphosphato (ATP), adenosine diphosphate 
(ADP), adenylic acid (AA), fructoue-1, C-diphosphate (hexosediphos- 
phato), glucoso-l-phosphate, glucose-O-phosphate, fnictose-b-phosphate, 
phoephoglyccric acid, phosphopyruvic acid, triooophosphates (glyeer- 
oldohydo phosphato and dihydroxyaectoae phosphate), glycogen, lactic 
add and coenzymes (pyridine nucleotides). Contemporary concepts of 
the interrelations of these materials have been reviewed by Iipmann 
(32), Kaloknr (18), Burk (7), Potter (41) and others. 

The method described here permits estimation of each of the materials 
listed in the preceding paragraph on a relatively small sample of tissue 
(1-2 g wet weight). It has proved satisfactory for muscle, heart, brain, 
kidney and liver (1, 28, 29) and is useful, with limitations and modi- 
fications, for bacteria, algae, oat seedlings and yeast (2, 12, 26-27). 

The method consists, in brief, in extraction of the “odd-soluble’' phos- 
phorus from the powdered frozen tissue with trichloracetic add, sepa- 
ration of this extract into three well defined fractions by means of barium 
and alcohol and determination of the known components of these frac- 
tions by means of their characteristic properties. "When this has been ac- 
complished, the results are checked by construction of a balanoe sheet to 
determine how much of the phosphorus of each fraction is accounted for 
in terms of the components measured. 

It must be recognized that in new experimental circumstances, or in 
other tissues, modifications in the procedure may be neoesaaiy. It con- 
tains as near designed, no provision for estimation of the phocphoglu conic 

* A of Iueir«o*iT*> Tiannn bottlaa with wide or narrow mouth# obtain* bio 

froro Aid*tIc»h Tbrnno# Betti# Co., Norwfch, Coon. 
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ATP, ADP, hexosediphosphate, phosphoglyccric acid and a port (20- 
30 per cent) of the hexoso esters, The list arc apparently carried down as 
double salts and can be removed by tho following procedure. The pre- 
cipitate is dissolved in 2-3 ml of 0.06N HC1, more barium acetate is 
added, and precipitation at pH 8.2 is repeated. Tho supernatant is 
poured off and added to the first one. Tho precipitate is suspended in 3-5 
ml of 0.05N HjSO* and tho BaSCh centrifuged. The clear supernatant is 
neutralised and made to a known volume for analysis. This is referred to 
as the barium-insoluble fraction. To determine its constituents, the follow- 
ing analyses are necessary : inorganic phosphorus, total phosphorus, phos- 
phorus hydrolysed in 7 min and 180 min (IN HC1, 100 C), ribose and 
fructose. It may also be examined for absorption at 200 m fi in a spectro- 
photometer. 

The supernatant from tho barium precipitations is treated with 4 vol- 
umes of 95 per cent ethanol and readjusted (if necessary) to pH 8.2. Tho 
resulting precipitato is centrifuged at least 15 min in the cold and the 
supernatant drained off welL The precipitate is taken up in 3-5 ml of 
0.05N HjSO« and the BaSO« centrifuged. The supernatant is neutralised 
and made to a known volume for analysis. This is referred to as the 
barium-soluble alcohol-insoluble /rod ion. To determine its constituents the 
following analyses are mado: inorganio phosphorus, phoephocreatme, ri- 
bose, fructose, reducing sugar, phosphorus hydrolysed in 7 min (IN HC1, 
100 G), nitrogen and nicotinic acid (spectrophotomotric methods can be 
substituted for the last two). 

The supernatant from the barium and alcohol precipitation contains a 
relatively small proportion of the add-soluble phosphorus (5-20 per 
cent, varying with the different tissues) and practically none of the ester* 
concerned in the phasphorylntlve glycolysis system of Embden-Meyerhof 
(trace of pyridine nucleotides). This barium-soluble alcohol-soluble frac- 
tion is usually ignored in the analysis. However, it contains any amino- 
ethyl phosphate (39, 8) and propanediol phosphate (30, 31) that was 
present in the sample. To study these, the fraction is evaporated at 30—40 
C under reduced pressure to approximately 20 per cent of its original vol- 
ume, when moet of the alcohol has been removed. It is then treated with 
HjS 0 4 to a final concentration of 0.4N. Tho BaSO* is centrifuged off and 
the supernatant extracted twice with diethyl ether to remove the tri- 
chloracetic add and certain colored Impurities. No phosphorus enters the 
ether layer. The water layer is evaporated almost to dryness mjdor re- 
duced pressure and taken up In 95 per cent ethanol. Neutralisation with 
KOH leaves salts behind and gives a solution containing the phosphorus 
esters. On addition of inorganic phosphate and uranium, any aminoethyl 
phosphate precipitates. Addition of baaio lead acctato precipitates any 
propanediol phosphate present. 

Procedure B . — The foregoing procedure is adequate for brain, kidney, 
heart and muscle because the cold trichloracetic acid extract does not 
contain any of the tissue glycogen (glycogen can be estimated on residue) . 
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cnisation leads to suspension ia the extract of colloidal material -which 
prevents precipitations.! Tho tissue residue is centrifuged and the super- 
natant poured off. A second extraction ia made with 6-0 ml of 5 per cent 
trichloracetic acid and tins added to tho first. 

Whether traces of phosphatases go into solution and survive the tri- 
chloracetic acid and what factors may be concerned is not known, but 
the results arc moat reliable when tho procedure is carried through 
rapidly and most of the analyses arc finished tho same day. Once frozen, 
samples keep indefinitely in a deepfreeze at —20 C or below, permitting 
preparation of samples on one occasion and analysis on another. 1 

FRACTIONATION WITH BARIUM 

Aliquots of the trichloracetic acid extracts aro withdrawn, either be- 
fore or nftor neutralization (volumes recorded), nnd used for analysis for 



FI*. 1. — App»r»£u« for powdering frozen throe 


inorganic phosphorus, total phosphorus, phosphocreatlae, lactic add and 
phocphopyruvic acid. 

Procedure A , — The balance of the extract ia adjusted to pH 8.2 (just 
discernible pink color with 0.10 ml of 0.6 per cent phenolphthatem added 
per 10 ml) with KOH,t and on excess of barium acetate ia added (0.25- 
0,36 ml of 1M suffices for extract of a 1-2 g sample). The resulting pre- 
cipitate is oentrifuged a minimum of 16 min in the oold and the super- 
natant poured off. The precipitate contains the inorganic phosphorus, 
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ATP, ADP, hexosediphosphnte, phosphoglycerie acid and a part (20- 
30 per cent) of the hexose esters. The last are apparently carried down as 
double salts and can be removed by the following procedure. The pre- 
cipitate is dissolved in 2-3 ml of 0.06N HC1, more barium acetate is 
added, and precipitation at pH 8.2 is repeated. The supernatant is 
poured off and added to the first one. The precipitate is suspended in 3-5 
ml of 0 05N HjSOi and- the BaSO t centrifuged. The clear supernatant is 
neutralised and made to a known volume for analysis. This is referred to 
as the barium-insoluble fraction. To determine its constituents, the follow- 
ing analyses are necessary: inorganic phosphorus, total phosphorus, phos- 
phorus hydrolysed in 7 min and 180 min (IN HC1, 100 C), ribose and 
fructose. It may also be examined for absorption nt 200 in a spectro- 
photometer. 

The supernatant from the barium precipitations is treated with 4 vol- 
umes of 95 per cent ethanol and readjusted (if necessary) to pH 8.2. Tho 
resulting precipitate is centrifuged at least 15 min in the cold and tho 
supernatant drained off well. The precipitate is taken up in 3-5 ml of 
0.05N HjSO* and the BaSO« centrifuged. The supernatant is neutralised 
and made to a known volume for analysis. This is referred to as the 
barium-soluble alcohol-insoluble f motion. To determine its constituents tho 
following analyses are made: inorganic phosphorus, phosphocreatine, ri- 
bose, fructose, reducing sugar, phosphorus hydrolysed in 7 min (IN HC1, 
100 C), nitrogen and nicotinic acid (spectrophotometrie methods can be 
substituted for the last two). 

The supernatant from the barium and alcohol precipitation contains a 
relatively small proportion of the acid-soluble phosphorus (5-20 per 
cent, varying with the different tissues) and practically none of the eaters 
concerned in the phosphorylative glycolysis system of Embden-Meyerhof 
(trace of pyridine nucleotides). This barium-soluble alcohol-soluble frac- 
tion is usually ignored in the analysis. However, it contains any amino- 
othyl phosphate (39, 8) and propanediol phosphate (30, 31) that was 
present in the sample. To study these, the fraction is evaporated at 30—40 
C under reduced pressure to approximately 20 per cent of its original vol- 
ume, when most of the alcohol has been removed. It is then treated with 
H*SO< to a final concentration of 0.4N. The BaSO« is centrifuged off and 
the supernatant extracted twice with diethyl ether to remove the tri- 
chloracetic add and certain colored impurities. No phosphorus enters the 
other layer. The water layer is evaporated almost to dryness upder re- 
duced pressure and taken up in 95 per cent ethanol. Neutralisation with 
KOH leaves salts behind and gives a solution containing the phosphorus 
erters. On addition of inorganic phosphate and uranium, any aminoethyi 
phosphate predpltates. Addition of basic lead acetate predpitates any 
propanediol phosphate present. 

B . — The foregoing procedure ia adequate for brain, kidney, 
mUflc ^ 9 because the cold trichloracetic add extract does not 
contain any of tho tissue glycogen (glycogen can be estimated on residue). 
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enization lends to suspension m the extract of cdlokbd material which 
prevents precipilntions.t The tissue residuo is centrifuged and the super- 
natant poorctl oIT. A second extraction is made with 5-0 ml of 5 per cent 
trichloracetic wail and this added to the first. 

■Whether t metre of phosphatases go into solution and survive the tri- 
chloracetic acid and urhnt factors may bo concerned is not known* but 
the result* are most reliable when the procedure is carried through 
rapidly and most of the analyses are finished the same day. Once frozen, 
wimples keep indefinitely in a deepfreeze at —20 C or below, permitting 
preparation of samples on one occasion and analysis on another. 1 

FRACTIONATION WITH BARIUM 

Aliquots of the trichloracetic acid extracts are withdrawn, either lie- 
fore or after neutralization (volumes recorded), and used for analysis for 
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Inorganic phosphorus, total phosphorus, phosphocrearine, lactic add and 
phoephopymviq add. 

Procedure A . — The balance of the extract is adjusted to pH 8.2 Qust 
discernible) pink odor with 0.10 ml of 0.5 per cent pbendphtholein added 
per 10 ml) with KOH,J and on exoea* of barium acetate is added (0.25- 
0.35 nd of 1M suffices for extract of a 1-2 g sample). The resulting pre- 
cipitate is centrifuged a minimum of 16 min in the cold and the super- 
natant poared off. The precipitate contains the inorganic phosphorus, 


t Thb m*£*rUi i* browkt Cewe. by qm at «looboJ pH T»hiw, a fa lb* pr«- 
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However, in extraction of liver (and certain primary tumors) with cold 
trichloracetic acid a Urge part of the glycogen goes into the extract. 
Since this glycogen as well as that in the tissue residue is to be measured 
and since the glycogen in solution prevents barium fractionation by keep- 
ing the Insoluble salts from precipitating, a means of separating it out 


TABLE L — Scars CmancM. Ptj nma or tjtk PsoanroarucnTD Earoa akd 

COMSOOXD* 



pb«2J •< f«o r fcripj/mbu «t*i , 

iWlrwmliWiwWM.i^.oiJaud. 


I M *0 


without loss of any rstom is required. This can bo accomplished by the 
following modification of procedure A. 

The trichloracetic acid extract, unnrutralised, is treated with an equal 
volume of 93 per cent rtf tonal. The glycogen precipitates and is centri- 
fuged o 0 Immediately. Tim supernatant, which still contains ah the 
esters, b neutrollxed to pll 8.2 and barium added as in procedure A; 
then sufficient 95 per cent etfinno! Ik added to make a total of 4 volumes 
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Extraction: 

Frozen, por 
ccntrifugo (0-0 C tbroaclKHit) 


Frozen, powdoml tissue projected Into lube containing fold 10% trichloracetic arid, . 
llKRlt) 


|[ Hwkluo: ro-cxlrnet with 6% trichkirsertic *ddi Extract Combine extracts and 
1 neutralize (unless to be 

jl ] u*ed for Froe. B). - 

Itcsiduo: used to determine add-lnsnluhle pbo*-^ Extract 
|| phorus nnd glycogen | 

Procedure A : Neutralised extract, pH fL2: add large excess or barium acetate, ebOl, 
centrifuge In cold 


ProdpUatodissolvwiln 0.1 N IIC1, add excess of barium 
acetate solution, adjust pH lo K2 with KOII, eblll, 
rentrifugo 


Predpitate: dissolve In 0.05 N - 
IlllySO*, centrifuge I 


Add 4 vol neutralized (pH 
► 8-2) 05% ethanol, cbm, 
centrifuge 


1 


BftBO.: wuh will i small volume N'eutralizo to pH 7.0 
0.05N IT|80 ( and make to some 

| definite rol. Barium- 

- ■ - — ii uolubU f radian 


BaS0«: dkeard 


Dissolve In 0.Q5N HiflOt, oentrifu gn 

BaSO,: wruh with | 

0.05N H»SO« N outran to to pH 7.0 and 

j make to acme definite to]. 

I ^Barium-oolubh alcoAel- 

BaSOi: discard I insoluble fraction 


Concentrate under reduced 
pressure, remove barium and 
make very add with H»SO*, 
extract twice with ether, 
evaporate further "under re- 
duced pressure. Barium-eol- 
ublt akoMol-oolubU fraction 


Procedure B: Onneutrnlixed trichloraeetlo add extract*: tread with equal volume 
of 95% ethanol In cold, centrifuge 


Predpitate: Extractable 
gijoogrm of tbs tissue; 
no esters 


Supernatant — -neutralize to pH 8J with KOH, 
add large excess of barium acetate and add 
more 05% ethanol to make 4 vol, chlU , centri- 
fuge 


Precipitate: dissolve In 0.1N HCJ1, neutralize to 
pH 8.2 with KOH, add norm barium acetate, 
chill, centrifuge 

Predpitate: dissolve In 0.1N HC1, add 
exMH barium acetate, neutralize to pTI 
8JJ, chill, eentrifoge 


Barium-eoluiAe alcokel - 
eolubie fraction.; treat 
a* In Proc. A 


Bari um-intolubU /radio*: remove 
barium and neutralize as In Proc. 
A 
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The precipitate is centrifuged, the supernatant discarded and the pre- 
cipitate washed with a small volume of a 1:6 dilution of the CaCl* re- 
agent. The inorganic phosphorus is in the precipitate. The phospho- 
creatine is discarded in the supernatant. The washed precipitate is dis- 
solved in dilute HC1 and made to the original volume of the sample, then 
inorganic phosphorus is determined. This value is presumably the “true" 
inorganic phosphorus of the tissue. Although ATP hydrolyses in alkaline 
solutions (48), it does not measurably contribute to the inorganic phos- 
phorus in this brief period. Other more labile esters such as acetyl phos- 
phate may appear as inorganic phosphorus. In liver, where phospho- 
creatine is supposedly absent (16), a value is obtained which would indi- 
cate some 250 oM of phosphocreatino per 100 g. This may be esters of 
fatty adds or other labile materials not prcdpitable with calcium. 1 

3. Toted phosphorus . — The sample is digested with 0.15 ml of 8N 
H*SOi in an oven or sand bath for 30-00 min at 130-100 C, removed, par- 
tially cooled (this can be carried out in the pyrex colorimeter tubes) and 
1-2 drops of 30 per cent hydrogen peroxide added. The tube is replaced 
in the oven for 1^-20 min, then partially cooled, and 1 ml of water added 
to the residue. This diluted sample is now heated at 100 C for 10 min to 
decompose pyrophosphates. The cooling before additions avoids causing 
the acid to fume, which is undesirable because some phosphorus may be 
lost. Now inorganic phosphorus is determined without further addition 
of add. 

4. Lactic acid . — This is patterned after the method of Barker and Sum- 

merson (0). The sample, containing 3-30 og of lactic add, is pipetted 
into a clean 16 X 150 mm test tube, made to 4.6 ml, and 0.6 ml of 20 per 
cent CuS 04 - 6 H |0 added. Approximately 0.6 g of Ca(OH)* is added and 
dispersed by shaking. The copper-caldum hydroxide precipitate removes 
interfering materials. The precipitate is redispereed several times in the 
course of 30 min or more, then centrifuged. A 0.60 ml aliquot of the super- 
natant is transferred to a clean tube, with care not to include any of the 
precipitate. Tube and sample are chilled in an ice bath and 3.0 ml of con- 
centrated ia added slowly from a pipet or buret, with vigorous 

shaking. This precaution, oooling and shaking, avoids localiaed heating 
which can cause irregular results (further oxidation of the acetaldehyde 
to acetic acid). Tubes are heated in a boiling water bath 6 min , cooled to 
below 30 C and 1 drop each of 4 per cent CuS 04 - 5 H ,0 and p-hydroxydi- 
phenyl reagent added. (By using the same dropper each time, including 
the standards, one need not measure theee reagents except by drops.) 
The reagent Is immediately dispersed by shaking. The tubes are incu- 
bated at 28—30 C for 30 min or more with occasional shaking to redla- 
peree the reagent. Then the tubes are heated in a boiling water bath 00 
sec, cooled and transferred to colorimeter tubes, and transmission is read 
against a reagent blank at 506 mo. 


■ 0o* *l»o rornrnntarj-. XM. 
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per volurao of water solution. The precipitate contains all the esters of 
the first two fractions described in procedure A. The supernatant is the 
barium-soluble alcohol-soluble fraction and is treated as in procedure A. 
'Hie precipitate is dissolved in 0.05N IIC1 (5-8 ml) and the pH adjusted 
to 8.2 with Ba(OH)j§ (0.4N). The precipitate is centrifuged in the cold, 
rcprccipitated, BaSO< removed and the solution neutralised ns in pro- 
cedure A. This is the barium-insoluble fraction. The supernatants from 
this precipitation are treated with excess IljSCh, BnSCh is centrifuged out 
and tho solution neutralized. This is the barium-soluble alcohol-insoluble 
fraction. Each fraction is now analyzed for its constituents as indicated 
earlier. 1 

BASIC ANALYTIC METHODS 

The microcolorimctric methods are described as wo employ them. 
Obviously these can be modified and others substituted at the conveni- 
ence of the investigator. Wo use a Ccnco-Sheard spectrophotometer, with 
sets of 13 X 100 mm tubes selected for identical transmission and gradu- 
ated at 3.0 ml. This procedure has tho advantage that colorimetric tests 
can all be accomplished in a 3.0 ml volume, with the result that ranges 
for tho analytical methods are approximately 1.5-15 /ig with accuracy of 
±2 por cent. Accuracy can be increased by uso of duplicate and triplicate 
analyses when material Is available. The methods obey Beer's law over 
the ranges indicated. 

1. Inorganic (ortho-) phosphate, including phosphocrcaiine and other 
labile esters. — This is patterned aftor tho method of Fiske and Subbarow 
(13). Tho samplo is mixed in n colorimeter tube with 0.15 ml of 8N 
HjSO< (HC1 can bo used), 0.25 ml of 2.6 por cent ammonium molybdate 
and 0.16 ml of Fiske-Subborow reducing agent (materials added in the 
order named). Volume is mndo to 3.0 ml with distilled water and color 
permitted to develop 8-10 min before reading. Almost maximal color is 
developed within 2 min (97 per cent) and further color development be- 
tween 10 and 30 min is negligible, so that a series of tubes may be read. 
Ti gh t transmission is measured at 660 npi. 

To make the redacting reagent, to 250 mg of sodium l-amino-2-nnphthol- 
4-sulfanate add 97.6 ml of 16 per cent sodium bisulfite and 2.5 ml of 20 
per cent sodium sulfite. Warm in a water bs,th to 40-50 O and stir rapidly 
nntfl the solid has dissolved. Tbe reagent is stable for several weeks if 
kept out of direct sunlight and well stoppered (to prevent loss of SOi). 

If phoephocreatine is present, incubation of 20 min should be per- 
mitted before addition of the reducing agent to permit full hydrolysis of 
the phoephocreatine. , 

2. “True” inorganic phosphorus. — The method is patterned alter that 
of Fiake and Subbarow (14). To the neutralized sample, in a graduated 
tube, is added */» volume of 10 per cent CaCh saturated with Ca(Off)*. 

~ | T TiU *ddttkm of Balt*. 
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The precipitate in centrifuged, tho supernatant discarded and the pre- 
cipitate washed with a small volume of a 1:5 dilution of the CeCli re- 
agent. The inorganic phosphorus is in tho precipitate. The phospho- 
creatine is discarded in the supernatant. Tho washed precipitate is dis- 
solved in dlluto HC1 and made to the original volume of the sample, then 
inorganic phosphorus is determined. This value is presumably the “true” 
inorganic phosphorus of the tissue. Although ATP hydrolyres in alkaline 
solutions (48), it does not measurably contribute to tho inorganic phos- 
phorus in this brief period. Other more labile esters such a* acetyl phos- 
phate may appear as inorganic phosphorus. In liver, where phospho- 
creatine is supposedly absent (15), a value is obtained which would indi- 
cate some 250 fiM of phoephocreatino per 100 g. This may bo esters of 
fatty adds or other labile materials not predpitable with calcium. 1 

3. Total phosphorus .—' Hie sample is digested with 0.16 ml of 8N 
H»SO» in an oven or sand bath for 30-00 min at 130-100 C, removed, par- 
tially cooled (this con be carried out in the pyrex colorimeter tubes) and 
1-2 drops of 30 per cent hydrogen poroxido added. Tho tube is replaced 
in the oven for 15-20 min, then partially cooled, nod 1 ml of water added 
to the residue. This diluted saniple is now heated at 100 C for 10 min to 
decompose pyrophosphates. The cooling before additions avoids causing 
tho arid to fume, which is undesirable because some phosphorus may be 
lost. Now inorganic phosphorus Is determined without further addition 
of arid. 

4. Lactic acid . — This is patterned after the method of Barker and Sum- 
merson (0). The sample, containing 3-30 /ig of lactio acid, is pipetted 
into a clean 16 X 150 mm test tube, made to 4.5 ml, and 0.6 ml of 20 per 
cent CuSOrfiHtO added. Approximately 0.5 g of Ca(OH)i is added and 
dispersed by shaking. Tho copper-calcium hydroxide precipitate removes 
interfering materials. Tho precipitate is redispereed several times in the 
course of 30 min or more, then centrifuged. A 0.50 ml aliquot of the super- 
natant is transferred to a clean tube, with care not to include any of the 
precipitate. Tube and sample are chilled in an ice bath and 3.0 ml of con- 
centrated HjSO< is added slowly from a pipet or buret, with vigorous 
shaking. This precaution, cooling and shaking, avoids localised heating 
which can cause irregular results (further oxidation of the acetaldehyde 
to acetic arid). Tubes axe heated in a boiling water bath 5 min, cooled to 
below 80 C and 1 drop each of 4 per cent CuSOf 5H*0 and p-hydroxydi- 

rea ® en ^ ^ded. (By using the same dropper each time, including 
tho standards, one need not measure these reagents except by drops.) 
^h*jeagent is immediately dispersed by shaking. Tho tubes are incu- 
C for 30 min or more with occasional shaking to rcdis- 
^ r *° ilT aEOnt ' the tubes aro heated in a boiling water bath 00 
see, eooled and transferred to colorimeter tubes, and transmission is read 
against a reagent blank at MS 

* * 1*3 eommeoury, 354 
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A standard curvo can bo run with either pure xinc lactate or C.P. 85 
per cent lootic acid. With the latter, the add is diluted to approximately 
IN, boiled 10 min todcpolymcrizc, then titrated with standard alkali and 
phcnolphthalcin and diluted appropriately. 

The sulfuric acid used should be a reagent grado, kept free of metals, 
organic matter and nitrates. Traces of nitric add in it will destroy re- 
sults (25). Tho p-hydroxydi-phenyl reagent Is made by dissolving it in 6 
per cent NaOH and diluting to 1.5 per cent p-hydroxydiphenyl, 0.5 per 
cent NaOH. It will keep indefinitely in a refrigerator for several months at 
room temperature in a dark bottle. 

A blank should always be run through tho complete procedure to 
mako sure that no contamination has occurred from glassware or re- 
agents. Necessary precautions in this method includo care that the appa- 
ratus is dean, since contact of fingers with the lip of a tube can add suffi- 
cient lactate to influence results seriously. Glassware cleaned in chromic 
add should be rinsed and immersed in diluto alkali solution (0.2N NaOH) 
for a few minutes before final rinsing to Insure removal of chromium. 
As soon os tho operator becomes convinced of tho necessity of the precau- 
tions outlined (especially cleanliness of glassware and slow addition of 
add to sample in tho cold), consistently accurate results are easily ob- 
tained. 4 

5. Fructose . — This is patterned after tho mothod of Roe (45). Tho 
sample is made to 0.00 ml in a colorimeter tube. To it are added 0.00 ml 
of 0.1 per cent resorcinol In 95 per cent ethanol and 1.80 ml of 30 per cent 
HC1. Tho solutions are mixed and tho sample is heated 8 min at 80 C. 
The tube is cooled and transmission determined against a reagent blank 
at 490 mji. Range is 3-30 pg. The resorcinol reagent is stable for several 
months. 

0. Pentose . — This is patterned after the method of Mejbaum (30). The 
sample is made to 1.5 ml in a colorimeter tube and mixed with 1.5 ml of 
orcinol reagent Tho tube is heated 30 min in a boiling water bath, then 
cooled and read against a reagent blank at 000 mo- Range is 1.5-15 og. 
The method determines pentose in nucleotides, nucleosides and nucleic 
acids as well as in the free form. A standard of ribose, xylose or orabinose 
can be used, for all arrive at the same color intensity after 30 min heating, 
though at different rates. Concentrated HC1 containing 0.1 per cent 
FoClj is kept as a stock solution and the orcinol reagent made just before 
use by addition of 10 mg of orcinol per ml. Orcinol as usually obtained re- 
quires recrystaHisation from benxene. 1 

7. Reducing sugar . — This is patterned after the method of Folia and 
Mahnros (16). The sample la made to 0.48 ml in a colorimeter tube. To it 
are added 0.24 ml of 0.40 per oent K,Fe(CN), and 0.12 ml of cyanide- 
caxhonate reagent. The solutions are mixed, heated in a boding water 
bath 8 min, cooled 1-2 min, and 0.60 ml of ferric iron reagent added. 
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The volume is made to 3.0 ml with diet Sled water and the color read 
against a reagent blank at 620 m^ Range us 2-20 jig of glucose. It is neces- 
sary to have glass bubbles on the tope of the tubes to minimise reo^da- 
tlcm by air. 

The cyanidc-carbonate reagent is made by dissolving 8 g of anhydrous 
and him carbonate in 40-60 ml of water, adding 16 ml of freshly prepared 
1 per cent N&CN and diluting to 600 ml. 

The ferric iron reagent is made by dissolving 20 g of gum ghattl in 1 
liter of water, filtering and adding a solution of 6gof Fei(SO0i, 76 ml of 85 
per cent HjPOt and 100 ml of water. After mixing, about 16 ml of 1 per 
cent KMnO* is slowly added to destroy reducing materials present in tho 
gum ghatti and the solution is allowed to stand several days before use. 
Tho reagent is stable indefinitely . 

8. Nitrogen . — The sample is digested in a pyrex tube In oven or sand 
bath at 150-100 C, with 0.6 ml of 6N HjSO* (containing 160 mg of copper 
selenite per liter), for 12 hr or more. Then 1-2 drops of 30 per cent hydro- 
gen perarido Is added and the tube heated over a microbumer until 
white fumes develop. The sample is cooled, washed into a colorimeter 
tube with small portions of water, 0.60 ml of 6.5N KOH added, mixed 
and 0.7 ml of modified Ncssleris solution added. Volumo is adjusted to 
3.0 ml and the tube contents mixed. After 10 min transmission is 
measured at 620 m>i. Range is 6-25 fig. The precisian is not as great as 
with other analyses, so it is well to have duplicates or triplicates. 

To make up Neider’s reagent, 6.0 g of K3 and 6-7 g of Hglj are ground 
together in a mortar with 60 ml of water and made to 500 mb There 
should be an excess of Hglj. Let stand overnight, then filter off excess 
Hglf. To 600 ml of this filtrate add 160 ml of a 1.6 per cent gum ghatti 
solution. Mix and dilute to 1500 ml. This reagent is stable indefinitely. 

0. Nicotinic acid . — This is patterned after the method of Bandicr and 
Hald (6). The sample is mixed with an equal volume of 2N KOH and 
heated 1 hr in a boiling water bath (to hydrolyse coeniymes and nico- 
tinamide). On cooling tho sample Is neutralised to pH 7.0 with 2N HC1 
and diluted to 1.35 ml and equilibrated in a water bath at 78-80 C. 
Then 0.16 ml of cyanogen bromido reagent is added and incubation con- 
tinued 5 min. The sample is cooled to room temperature, mixed with an 
equal volumo (1.5 ml) of photolU reagent and incubated 1 hr at room 
temperature, protected from direct light. Transmission is then measured 
at 420 m^- Range is 1 .5-12 >ig.* 

The cyanogen bromide reagent is made by addition of 10 per cent KCN 
solution to a saturated solution of bromine Id water until the solution 
is just decolorised. Tho photol reagent is a saturated water solution of 
photol made by shaking 3—1 g in 50 ml of water. Both reagents should 
be made up fresh within 1-2 hr of use. 


I Mooo™thjl p-wnSnot«b«iol 
4 tlao fomramUrj-, p«** MB. 
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A standard curve can bo run with cithor pure line lactate or C.P. 85 
per cent lactic acid. With tho latter, the acid is diluted to approximately 
IN, boiled 10 min to dcpolymerize, then titrated with standard alkali and 
phenolphthaloin and diluted appropriately. 

The sulfuric acid used should bo a reagent grade, kept free of metals, 
organlo mattor and nitrates. Traces of nitric add in it will destroy re- 
sults (25). The p-hydroxydiphcnyl reagent is made by dissolving it in 5 
per cent NaOIl and diluting to 1.6 per cent p-hydroxydiphenyl, 0.6 per 
cent NnOH. It will keep indefinitely in a refrigerator for several months at 
room temperature in a dark bottle. 

A blank should always bo run through tho complete procedure to 
mnko sure that no contamination has occurred from glassware or re- 
agents. Necessary precautions in this method indudo care that the appa- 
ratus is dean, sinco contact of fingers with the lip of a tubo can add suffi- 
dent lactate to influence results seriously. Glassware deaned in chromic 
add should be rinsed and Immersed in dilute alkali solution (0.2X NaOH) 
for a fow minutes before final rinsing to insure removal of chromium. 
As soon as tho operator becomes convinced of the necessity of the precau- 
tions outlined (especially cleanliness of glassware and slow addition of 
add to sample in tho cold), consistently accurate results ere easily ob- 
tained. 4 

6. Fructose . — This is patterned after the method of Roe (45). Iho 
eamplo is mode to 0.00 ml in a colorimeter tube. To it are added 0.60 ml 
of 0.1 per cent resorcinol in 05 per cent ethanol and 1.80 ml of 30 per cent 
HC1. The solutions are mixed and tho sample is heated 8 min at 80 C. 
The tubo is cooled and transmission determined against a reagent blank 
at 490 m/L Range is 3-30 pg. The resorcinol reagent is stable for several 
months. 

6. Pentose . — This is patterned after the method of Mejboum (36). The 
sample is made to 1.5 ml in a colorimeter tube and mixed with 1.5 ml of 
ordnol reagent. The tube is heated 30 min in a boiling water bath, then 
cooled and read against a reagent blank at 660 npi. Range is 1.6-15 yg. 
The method determines pentose in nuoleotides, nucleosides and nucleio 
acids as well as in the free form. A standard of riboee, xylose or arabinose 
can be used, for all arrive at the same color intensity after 80 min heating, 
though at different rates. Concentrated HC1 containing 0.1 per cent 
FeClj is kept as a stock solution and the orcinoi reagent made just before 
use by addition of 10 mg of orcinoi per ml. Orcinoi as usually obtained re- 
quires reerystallisation from bensene. 1 

7. Reducing sugar . — This is patterned after the method of Folin and 
Malmr oe (16). The sample Is made to 0.48 ml in a colorimeter tube. To it 
are added 0.24 ml of 0.40 per cent KjFe(CN). and 0.12 ml of cyanido- 
carbonate reagent. The solutions are mixed, heated in a boiling water 
bath 8 min, cooled 1-2 min, and 0.60 ml of ferric Iron reagent added. 
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vrith magnesia mix ture in alkalin e eolation to remove most of the inor- 
ganic phosphorus, then carrying out measurement of total and 3 hr 
hydrolysed phosphorus. Resistant phosphorus is now all phosphogly ceric 
phosphorus. 

4. Photphocreatine . — This is computed from the inorganic phosphorus 
determined on the original extract, and on the calcium precipitate, by 
difference. It is apparently an accurate representation in muscle, brain, 
heart, kidney and tumor, but questionable in the case of liver, as men- 
tioned previously. The phosphocreatine appears in the barium-soluble 
alcohol-insoluble fraction.* 

5. Qlucow-1 -phosphate . — This ester is easily hydrolyxable in acid and 
can be computed by measurement on the barium-soluble alcohol-in- 
soluble fraction of either inorganio phosphorus or reducing sugar before 
and after hydrolysis (7 min, IN HC1, 100 C) The two values usually 
agree well, that from reducing sugar tending to be slightly higher owing 
to slight hydrolysis of other esters. If phosphopyruvic arid or triosephos- 
phate is present, a correction must be applied to the easily hydrolysable 
phosphorus for a 46 per cent hydrolysis of these esters. 1 

6. FruetoM-6-phosphalc. — This can be computed from the fructose 
analyses on the barium-soluble alcohol-insoluble fraction, since it is the 
only fructose ester present in the fraction. It responds only 60.6 per cent 
of the theoretical to the fructose test, so that fructose analysis must be 
multiplied by the factor 2.39 to obtain fructose-6-phoephate, unless the 
pure ester is used for standard, in which case no factor would be neces- 
sary- It responds, without hydrolysis, to the reducing sugar test to an 
extent equivalent to 31.6 per cent of its weight of glucose. It is slowly 
hydrolysed in acid, requiring 6 hr to hydrolyxe 90 per cent in IN HCI at 
100 C. 

7. Glueosc-6-phosphate . — This ester is usually a major constituent of 
the barium-soluble alcohol-insoluble fraction. It has a reducing value 
equivalent to 13.2 per cent its weight of glucose and can be calculated 
from the reducing sugar measured on this fraction corrected for reduction 
due to fructose-6-phosphate and riboee phosphate not combined in 
nucleotides. 

In certain specific circumstances errors may be caused in fhl* measure- 
ment by glutathione and glucose. However, glutathione will not pre- 
cipitate in this fraction unless it exceeds 1.2 mg/ml in the original ex- 
tract, which is not a usual physiologic circumstance. If a tissue Is hyper- 
glycemic, as may be especially true of autolyxed liver for example, there 
is danger that the analysis for glucose-6-phosphate by this means will be 
high because of precipitation of part of the glucose with barium and 
alcohol. If this circumstance is met, it can be surmounted by taking an 
aliquot of the barium-soluble alcohol-insoluble fraction and repreripitat- 
ing it several times with banum and alcohol, redissolving in water each 
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DETERMINATION AND CALCULATION OF SPECIFIC COMPOUNDS 

l.* Adenosine triphosphate ( ATP) and adenosine diphosphate (A DP ), — 
Both of ihm compounds nro quantitatively precipitated In the barium- 
insolublo fraction. If inorganic phosphate is absent, ADP becomes much 
more soluble, but in tho presence of inorganic phosphorus the solubility 
is only 4 pg/mh Both ATP and ADP contain adenlno, ribose and phos- 
phorus. They are tho only pentose compounds in this fraction. ATP has 
two easily hydrolyrablc phosphates; ADP has one. Consequently both 
can bo calculated by measurement of ribose, inorganic and easily 
hydrolyxablc phosphorus (7 min, IN IICl, 100 C). For example, n molar 
ratio of easily hydrolyzable phosphorus to riboso of 1.85 indicates that 
85 per cent of tho ribose i& present as ATP, 15 per cent as ADP. A check 
on tho riboso nnolyws of the fraction can be provided by measurement of 
absorption of tho solution at 250 mp in tho spectrophotometer (see 
adenylic acid, p. 350). Tills absorption is due to tho adenino component. 

% Fruclose-l fi-diphosphato ( HDP ). — In tho prescnco of inorganic 
phosphate, this compound is quantitatively precipitated with barium. 
In the absence of Inorganic phosphate, It is considerably more soluble 
(pH 8.2, excess barium, solublo to tho extent of 2.8 mg/ral). Since it is 
tho only fructose eater in tho fraction, it can bo estimated by measure- 
ment of fructose. As it docs not react a b tho theoretical amount of 
fructose (52.6 per cent), fructose measured roust be multiplied by the 
factor 3.00 to convert it to HDP present. If pure HDP is ustxl as stand- 
ard, no factor Is necessary- Sinco it is tho only reducing compound present 
in tho fraction^ (9.5 per cent that of an equal weight of glucoso), the 
measurement can bo checked by measurement of reducing sugar. 

Little HDP is normally found in intact tissues. Consequently it is a 
small part of the phosphorus in tho fraction. If any appreciable amount is 
found, the easily hydrolysablo phosphorus attributable to ATP and ADP 
needs to be corrected for a 20.6 per cent hydrolysis of the HDP phos- 
phorus. 

3. Pkosphoglycerie add. — This compound (3-phoephoglyccric) is 
usually a measurable component of tho tissue phosphorus. It is quantita- 
tively precipitated with barium. Although a colorimetric method is 
available for its measurement (42), it has generally proved unsatisfactory 
owing to interference of other materials. The ester can be determined 
by making use of its resistance to acid hydrolysis. From the inorganic 
phosphorus after 3 hr of hydrolysis (IN HC1, 100 C) and the total phos- 
phorus of the fraction, a. figure can be compated for "resistant phos- 
phorus.” This Includes the phosphoglyceric add phosphorus, but must 
bo corrected for unhydrolyzed phosphorus of ATP and ADP (41.3 per 
cent of the stablo phosphate). This test may be refined, If desired, by 
treating an aliquot of tho barium-insoluble fraction with mercury in 
add solution to remove the nuclootides (phosphoglycenc soluble) and 

*Jubl» to tb« «t*nt of >1 m*/tr4 under the— oondJtkan «od wffl not 
occur In thi» (ruction. 
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pH 8.2 and the riboee phosphate precipitated as before with barium and 
alcohol. The adenine re main s in solution. The precipitate 1 b dissolved, 
barium removed and nitrogen analyses are carried out on it and the 
original fraction. The difference, nitrogen lost on hydrolysis, is the 
adenine nitrogen. Hence adenylic add can be calculated. 

Both methods require a correction for any adenylic add present as 
phosphopyridine nucleotides (coenxymes I and II — DPN and TPN). 
These are determined separately. 

11. Coenxymss.— The phosphopyridine nucleotide ooensymes are not 
completely recovered here (some go into the barium-soluble alcohol- 
soluble fraction). The amount of the two (sum) that is present can be 
determined by measurement of nicotinic add, which is a component of 
both, and calculation from this analysis. 

With a Beckman spectrophotometer or similar instrument, a second 
method is available — measurement of absorption of the reduced co- 
ennymes at 340 mp. Because of the reproducibility of results with this 
instrument, the range can be carried down to 5 *ig (computed as DPN, 
since there is us uall y several times more DPN than TPN) with a ±6 per 
cent error. It is more accurate when higher levels are used. For this 
assay, two 0.50 ml aliquots of the barium-soluble alcohol-insoluble frac- 
tion (containing 5-175 jig of DPN) are pipeted into 13 X 100 mm tubes, 
0.40 ml of fresh 2 per cent NaHCOj is added to each and 0.10 ml of water 
to one, 0. 10 ml of a fresh 3 per cent solution of sodium hydroeulllte in 1 per 
cent NaHCOj to the other. Both are incubated 20 min at room tempera- 
ture, them 3 ml of 1 per cent NaHCOj-1 per cent Nb*COj solution added 
to each and a stream of air passed through each for 6 min. Both eolations 
are used to measure transmission at 340 m^ against a blank of the 
NaHCOj-NajCOj buffer. Some absorption due to other materials is 
obtained in the unreduced sample. This is subtracted from the absorp- 
tion obtained with the reduced sample. The difference is absorption 
due to reduced phosphopyridine nucleotides. The figures so obtained 
agree with nicotinic acid assays within limits of error. 

12. Rtbose phosphate . — There is in some tissues an excess of riboee, 
measured in the barium-soluble alcohol-insoluble fraction, above and 
beyond that accounted for by adenylic acid and phosphopyridine nucleo- 
tides. This appears to be free riboee phosphate. It can be determined by 
difference, using the riboee, adenylic acid and phosphopyridine nucleo- 
tide analyses of the fraction. The significance of this component, whether 
it Is present as a product of nucleotide metabolism or of oxidative hexoee 
degradation, is not known. 

13. Glyeopen. — Except for tissues Hke liver, cold trichloracetic add does 
not extract glycogen, and it can be measured on the tissue residue left 
after the esters are extracted. This tissue residue is mixed with 6 ml of 
30 per cent KOH and heated in a boiling water bath until completely 
dissolved (10-30 min), then treated with 6 ml of 05 per cent ethanol 
while hot, cooled and the glycogen predpltate centrifuged out. This i* 
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time, all in the same tube. By this procedure it was found that approxi- 
mately 85 per cent of the glucose was lost on each precipitation and a* 
many as four such precipitations resulted In no measurable loss of 
glucosc-C-phosphatc (some of tho other esters arc not so well recovered). 
Reducing sugar measurements on this material, corrected for fructose-6- 
phosphate, arc free from errors caused by interfering materials. 

8. Phosphopyruvic acid . — This compound, when present, occurs in the 
barium-soluble alcohol-insoluble fraction. It Is best to determine It on 
tho original extract first. Its measurement is based on its property of 
being hydrolyzed by alkaline iodine to yield inorganic phosphorus (35). 
Tho determination is made by diluting the sample to 1.36 ml in a 
colorimeter tube, adding 0.1 ml of 2N K01I and 0.05 ml of 0.1M iodine 
in Kl, incubating 15 min, then adding acid and discharging the excess 
lodino with sodium bisulfite. Inorganic phosphorus is measured and 
compared with tlint obtained without alkaline hydrolysis. Tho difference 
Is computed os phosphopyruvic add phosphorus. (Iodoform formation is 
ordinarily not eufficlont to interfere.) This compound docs not usually 
accumulate to n measurable extent in animal tissues.* 

0. Trioscphosphate (dih ydroryacdone phosphate and 3-glyceraldehyde 
phosphate). — The*; arc determined by measuring alkali-labile phos- 
phorus (37). Phosphopyruvic add is not hydrolyxed in this test. The 
sample is mixed in a colorimeter tube with an equal volume of 2X KOH, 
incubated 20 min nt room temperature, neutralised and inorganic phos- 
phorus determined. Tho inorganic phosphorus hydrolysed in this teat on 
the barium-soluble alcohol-insoluble fraction Is a measure of triosephos- 
phate. Methods of differentiating the two have been described by Utter 
and Workman (40). Theso esters do not ordinarily accumulate to a meas- 
urable extent In animal tissues.** 

10. Adenylic acid . — When the necessary equipment ia available (Beck- 
man quart* spectrophotometer), adenylic add is most simply estimated 
on the barium-soluble alcohol-insoluble fraction, in which it occurs, by 
measurement of absorption at 260 ma in the spectrophotometer. Measure- 
ment of pentose sugars gives preliminary indication of the concentration. 
The aliquot of the fraction ia diluted in M/16 sodium phosphate buffer 
at pH 7.0 and transmission read against a buffer b lank . Range is ap- 
proximately 2-20 of adenylic add per ml (requires 8-4 ml). A stand- 
ard curve can be constructed with adenylic add or adenosine. 

When the aforementioned equipment is not available, a second method 
may be used which haw been demonstrated to give the same results with 
^nl rrml tiwues. This method makes use of the property of adenylio acid 
by which all the adenine can be hydrolyxed by IN HC1 at 100 C in 10 
min without any appreciable hydrolysis of the ribose phosphate com- 
ponent. This hydrolysis is carried out on an aliquot erf the barium-soluble 
alcohol-insoluble fraction, with the hydrolyxed material neutralized to 


• 8*c tlM eaaamtMTf, pm* 

■ alto coc3i9«nt**T. PMO ***• 
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explanation that ensymes of ATP utilization were failing more rapidly 
than enxymes of ATP synthesis is plausible. In the fonner case it i* pos- 
sible that the vinus behaves in the same manner as an anesthetic, since 
no anesthetic was used on the controls ( 28 ). 

The techniques described here provide a means of evaluating the in 
vivo mechanisms of ATP synthesis and also the mechanisms of ATP 
utilization, provided the correlated processes of function and ATP syn- 
thesis (glycolysis and respiration) can be simultaneously appraised (of. 
50). 

Comment by TFtRiam E. Sterne 

Preparation and extraction of time. — Dr. LePage has given an excellent de- 
scription of this procedure. The miter would like to underscore the emphasis on 
the necessity of freezing in situ or use of an equivalent technique in the prepara- 
tion of tisanes for analysis. 

When a sufficient weight of sample is available, preparation of the extract may 
be somewhat simplified by using only a aingta extraction. In calculating the 
dilution the tissue water is then included. 

If facilities for centrifuging in the ooki are not available, filtration in the 
refrigerator b a satisfactory substitute. 

Froctionah'on \eitk barium . — The writer's experience with the method is limited 
to study of cerebral tissue, & material which present* special difficulties. Behavior 
of the nucleotide* is of particular concern. Before Dr. Le Page's method became 
available a procedure was developed which has man) limited scope and depends 
on fractional precipitation of calcium salts (48). Result* obtained by thi* method 
have been considered rolls bio because the findings on normal and postmortem 
dog brain are fa agreement with those of Kftrr (23), who studied the nucleotide* 
by quite different methods. The obvious discrepancy between the results on dog* 
by the cskfam method and those on rats by the barium method (2S) called for 
further investigation. 

With procedure A using the low concentration of barium acetate originally 
specified (25), it waa found that only 6-10 per cent of the ribonucleotide was 
precipitated from extracts of normal dog brain, despite the fact that the nucleo- 
tide is known to consist largely of ATP (23). Only a sfanllariy umall fraction of 
the inorganic phosphate was precipitated, T\lth procedure B, however, precipi- 
tation was greatly improved; approximately two thirds of the ATP and half 
the inorganic phosphate were carried down (aa compered with the calcium 
method on the game filtrate). In the analysis by procedure B the conditions ware 
approximately the tame as wfth procedure A except that preliminary precipfta- 
tktt with barium and 4 volume* of ethanol precoded tho fractionation. Thu* it 
«*ms that prefemnary precipitation permitted partial removal fa the centrif- 
ugate of some constituent of the brain extract which tends to hold the nucleo- 
tide* and inorganic phosphate fa solution. What this substance may be can only 
bo conjectured at present. It does not appear to be a colloidal material resulting 
from excessive grinding or bomogankadoa of the tissue, since the result* were 
the same when the coarsely crushed tissue was extracted with 10 per cent tri- 
chloracetic acid, homogenisation being oefatted. It seems passible that this 
finding may be related to observations of Meyerhof (38), who concluded that 
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patterned after tho mothod of Good el al. (17). The supernatant is dis- 
carded and the precipitate hydrolyzed 2 hr in IN HC1 at 100 C, The 
glycogen obtained from tho trichlorncotio acid extract of liver is hydro* 
lysed also. The hydrolysate is neutralized and reducing sugar measured 
with a copper reagent, such ns that of Shaffer and Somogyi (46). The 
factor 0.927 can bo used to convert glucose measured to anhydrous 
glycogen. This procedure is satisfactory for liver, kidnoy, heart and 
muscle, but another feature must be added in the analysis of brain. For 
this, the tissue residue is dissolved in KOH and treated with alcohol a b 
before. The precipitate obtained is suspended in a warm mixture of 
chloroform-methanol (20 volumes of CUCt» -J- 80 volumes of methanol) 
and centrifuged. This is repeated twice before tho hydrolysis in acid. 
Tho washing removes cerebrosides which otherwise cause error by hy- 
drolyzing In acid to yield reducing compounds (22). 11 

14. Aminoethyl phosphate . — This compound is found in nutolyxing 
tissues, probably from breakdown of sphingosinc. If present, it appears 
in the barium-soluble alcohol-soluble fraction, where, as previously men- 
tioned, it can be precipitated with uranium and inorganic phosphate pro- 
vided the fraction is reduced to a low volumo. It can be identified by 
elemental analysis. 

15. Propanediol phosphate . — This compound is present in the barium- 
soluble nlcohol-solublo fraction of tissues. It appears to constitute 5 per 
cent of the acid-soluble organic phosphorus of brain, 1-2 per cent of that 
of liver, kidney and tumor. Solubility of the uranium salt is unaffected by 
inorganic phosphorus (exceeds 4 mg/ml in solubility)* It can bo pro- , 
dpitnted from this fraction when tho volume is sufficiently reduced 
(solubility in presence of excess baaio lead acetate is 0.13 mg/ml) by 
basic lend. It is highly resistant to alkaline or odd hydrolysis. 

DISCUSSION 

These methods and the properties of the compounds have been tested 
by use of the pure esters. In most instances they have also been c onfi rmed 
by isolation of the compounds, from larger samplee of tissue, in high 
yields (40-85 per cent). For tabulated analyses of a n i m al tissues made 
with these methods, the reader is referred to reports in the literature (1, 
28,29,30). 

Tlae in vivo level of the high energy phosphate reservoirs in a tissue 
alwayB depends on the balanco between synthesis and utilization. As has 
been pointed out (29), it is possible to have high energy phosphorus 
reservoirs remain in a tissue because of failure or blocking of the enzymes 
of utilization. It has been reported that brains infected with a virus had 
higher levels of ATP than did control brains (17a). In another study 
higher phoephocreatine levels were observed in failing hearts than were 
found in the functioning control hearts (50). In both instances the 

ii Qm «1bo conmttnt»i7> 
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It ia essential that the temperature be carefully controlled daring the first few 
minute* of color development. Maximal color Intensity » attained If the tubes 
are cooled in ioe water to 0 C before the p-hydrcuydiphenyl Is added and are 
hdd at this temperature for 15-30 mlru They can then be placed In water at 
room temperature or above for about 30 m in, after which final heating may be 
urmeceaeaiy since the solutions will be dear unless an exoestiv© amount of p- 
bydroxydl phenyl haa been used. It is advisable to indude standard eolations 
with every serie* of determinations. 

Pen to**.— This procedure may be improved by reducing the Fed, concentra- 
tion, which should be 0.4 mil during the heating. At this concentration maximal 
color intensity Is attained and the reaction is insensitive to variations in HC1 
eonmitratiou between ON and 8N. With the higher concentration of FeCU the 
reaction is very sensitive to variations in HCl and FeQj couoentrntkine. Hie time 
of hading may be reduced if HCl concentration is increased. It is neceaeary to 
avoid contamination from cork stoppers and similar materials. 

In the writer’s experience ATP and adenyfio add have given identical results 
and are suitable standards for the determination of DUeleotides. The free pen- 
however, have given lees odor intensity per mole (after an extended beating 
time) with the reagent of Mejbaum as well as with the modified reegent Since 
this result is contrary to the observations of Dr. LePago and of Albaura and 
Umbreit (3), It Is suggested that H be checked by others using the method. 

Nicotinic acid.— It would be advisable to buffer the solution by adding 0.15 
ml of 10 per amt KH»PO* before dilation to 1-35 ml and addition of cyanogen 
bromide (10). 

Pfuxphocrmtine. — When this is determined in the prenenc© of ATP a slight 
error is Introduced owing to slow hydrolysis of ATP during the time allowed for 
the hydrolysis of phosphoCToatine. The error Is minimised by limiting this 
period to not more than 30 min. Molybdate must not be added before the acid. 

GlvcMt-1 -phosphate. — If this is measured by the increase in reducing powder 
on arid hydrolysis, pr es e nce of adenylic add would necessitate correction since 
its hydrolysis frees the reducing group of riboee phoephate. Determination of 
this substance might well be checked try the procedure of Eocteriitx tvI Bitchfe 
(24). 

Phorphopynmc add. — When pboephocrefttine is present, sufficient time must 
be allowed for Hs hydrolysis after addition of molybdate. Since phosphopyruvate 
occurs only in small Amounts, this measurement in most tissuei represents a 
small difference between two relatively large values and can scarcely be relied 
on to establish the presence of phosphopyruvate. When ATP is present its 
hydrolysis is a further potential aouroe of error. 

A promising alternative procedure has been introduced by Conway and Him 
genty (0), who determine phosphopyruvate fn the barium-soluble aloohol-ii»ol- 
able fraction by conversion to pyruvate and aaeay of the latter with the aid of 
2,-t-dini trophenythyrlrajine. 

Trio*piw*phaU ’ The foregoing remarks on pheaphopyruvate are equally 
applicable to the method for trioeephosphate. 

Conway and Hingerty (9) determine trioeephosphate tn the boriunvaoluhl© 
alcohol-insoluble fraction by conversion to phosphoglycerate, which re waayed 
by the method of Rapoport (42). 

(7Iycoevn.— When determining this substance In cerebral tissue the writer has 
found it advantageous to use a separate portion of the pulverised frown material 
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only ft small fraction of tho total ATP of cerebral tissuo Is active in the glycolytic 
system. 

To overcome tbe difficulty it is necessary to uso stronger precipitating condi- 
tions. This was dono in the calcium procedure, but In that ease fractionation of 
tho hexosephosphates was not attained, as Dr. LePngo has pointed out Modifica- 
tion of procedure A by increasing tho borium concentration to 10 times that 
originally specified gave greatly improved precipitation of the nucleotides and 
inorganic phosphate, but the separation sub stiU Incomplete. Albaum, Tepper- 
man and Bodansky (1) used procedure B as originally described, except that 
repredpitation of tbe barfum-lnsolublo fraction was omitted. Tbe values which 
they found for add-labQo nucleotides in brains of anesthetized rats may possibly 
bo slightly low, but are approximately in tho normal range. 

Tbe modified method presented by Dr. LcPagc uses a considerably greater 
concentration of barium than was formerly used. Procedure B with this modi- 
fication might be expected to give satisfactory results in the analysis of cerebral 
tissue. 

Tbcw experiences with brain give point to Dr. Le Pago's caution concerning 
the indiscriminate uso of ft fractionation procedure in new experimental circum- 
stances without adequato testing. If a furtbor example is desired, one might 
compare tho results of several different methods used by different Investigators 
for analysis of normal rat liver (10, 20, 28, 43, 44). A number of discrepancies are 
apparent. Although there is frequent need for a co-ordinated scheme of methods 
applicable to a single small specimen, the procedure should be checked wherever 
possible ngnlnst authenticated methods for individual components. In the 
barium fractionation it is particularly important that the acwl-lnbQe nucleotides 
bo completely precipitated, since tbeir presence in tbe soluble fraction would 
Interfere with the determination of glucose-1 -phosphate, trioeephoephato and 
adenylic add. 

A further difficulty sometimes encountered is the loss of phosphorus com- 
pounds by adsorption when barium is precipitated as the sulfate. Such losses may 
be recognised by comparing the sum of the values for total phosphorus of the 
three fractions with the total phosphorus in tbe original extract. Where possible, 
Leu, in the barium-soluble fractions, such losses might be avoided by removing 
barium as the carbonate. Another alternative would be to leave the barium in 
the solutions and to adopt a method for tbe determination of phosphorus which 
does not require the pres en ce of sulfate or bisulfite. (Perchloric add Is sometimes 
substituted for sulfurio in the determination of total phosphorus (4), and various 
reducing agents are available.) 

“True” inorganic phemphonu . — Since ATP is pre s en t in tho solution, certain 
precautions are necessary. The determination should be completed within a 
few hours, since a alow hydrolysis of ATP occurs. TTiia hydrolysis is accelerated 
by molybdate, to a slight extent in acid solution but greatly in neutral solution. 
Therefore addition of molybdate should be delayed until ready to proceed with 
the color development, and at no time she old addition of molybdate precede 
addition of tbe arid. 

Lactic add . — Conversion to acetaldehyde by heating with sulfuric said Is 
gatirfactary over ft wide range of concentration of tho add. However, maximal 
odor intensity is attained if fl.5-9 volume* of concentrated sulfuric add i* used 
for tech volume of aqueous solution (aliquot pins aqueous reagents). In this 
range, small variations in sulfurio add concentration do not influence the results. 
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when a sufficient quantity is available and to follow the original procedure of 
Kctt (22) for Isolating the glycogen. It la also important to make the correction 
for no nfermcn table reducing material described by Kerr. Presence of a high 
concentration of sodium chloride in the neutralized hydrolysate must be coo- 
sidered, since it altera the redaction factor In some methods for determining the 
reducing power. 
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ttesue slice technique, 295, 800 
variability in response to standard dose 
of choleretic compounds, 2J6 ff. 


Magnesium: in aallne media for tissue 
respiration studios, 296 
Malic dehydrogenase: areay in homo- 


Mann-fvK££»on dog, 2<U ff . 

evaluation of Iheraj^r— criteria, 266 ff. 
percentage incidence of ulcer, 268 
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postoperative survival time, 265, 

diet, postoperative*. 265 
survival time — relation to therapy, 
265, 266 ff. 

nicer incidence and time of oocurrencc, 
265 

Manometers 
differential* 101 ff. 
apparatus, 105 f. 
with orifice meter, 103 
Warburg 

In manure of Oi consumption of In- 
tact animals, 276 0. 
in tissue respiration studies, 2S0 
Meals: teatfor gastric analysis, 270 f. 
caffeine, 271 
Evrald type, 270 
moat extracts, 270 
Mean flow recorders, 78 ff. 

ni also specific apparatus 
Media, see alto Agar, Broth, Solutions 
for B. dfcvlana, 49 
for bacitracin aisuy 
Al. flarvt, 60 
SUrpk. a vmu, 61 
for pmicQlfa sway 

cup-plate method for concentrations 
in plasma (8. Udta) , 25 f . 
cylfadeM>l*te technique, 4 f. 
differentia] procedures, 191 
sterility of sample, 63 
turbldimetric method. 22 
far types of penicillin b mixtures, 16 
Klnrrrs blcnrixmste solution, 299 
Krebs-HenscArit, 299 
lunger's phosphate solution, 298 
Dlckms-Grevflle, 296 
Krebs', 298. 299 
Krebs’, modified, 209 
saline, for tissue respiration study, 298 
magnesium content, 29$ 
serum, for tissue respiration study 
vs. balanced saline, 300 
neutrahxed, 299 
untreated and inactivated, 300 
for streptomycin test for sterility of 
•ample, 68 

for tlwne homosnnbatioc 320 
alkaline isotonic KCL (AIK), 321 
water, 320 

for tissue respiration study, 298 
for tyrothrian sssay, 57 
MosoappendH,rat: mkxoecopic study of 
macular response to vasotropic 
substances, 131 ff. 
anesthesia, 134, 188 
drip mechanism, 133 
drip solution, 134 
epinephrine 
solution, 135 

threshold determination, 185 
procedure, 133 ff. 


temperature control, 184 
test for vmeo tropic agents, 188 f. 
Metabolism 

cellular — analysis with b situ firming 
techniques, 337 ff. 

estimation by Flek principle, 191, 199, 
204, 224 
of tissue, 801 ff. 

determination of amount of ma- 
terial, 301 

rate — symbols for expre s sion, 803 
Micrococcus jtems: for badtracb assay, 
60 

Microtome 

fresh tissue (Btadio-Blggs), 292 
safety raxor blade (Terry), 292 
Moist cold box technique for study of 
tksue sike respiration, 290 ff. 
Moving piston meters, 78 
Muscle, skeletal: tissue slice techniquo, 
$90 

muscle strip technique, 297 


Needle: for arterial blood b right heart 
catheterisation. 228 

N-othjd^ilperidbe: in penicillin G assay, 

Nicotinic arid b tissue 
for eoesisyme calculation, 351 
colorimetric analysis, 847, 355 

Nitrogen b tiwuo 
colorimetric analysis, 847 
t determination, b tissue slices, 302 


for penicillin sonar cw tl ma ting stand- 
ard error, 8, 9 

for thermal areulatiou index calcula- 
tion, 160 

Nril-oo^thyl>-othylenediambo, 196, 

Nucleic arid in tissue: determination, 
802 


0 

Omentum, do*: mlcruecoplo study of 
vascular response to vaaotrepic 
substances, 181 ff. 
procedure, 188 

Organism E: b aanay of typos of peni- 
cillin fa mixtures, 14, 15 
Orifice meter 102, 103 ff. 
assembly, 104, 121 
calibration, 104 

for coronary blood flow measoretMnt. 
106 

differential manometer for, 103 
b perfusion system for measure of 
blood flow fa sldn and muscle, 121 
Oxalaeetio oxidase enxyme system: a»- 
«y ta homoffMiate, 330 
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Oxygen consumption 
of aquatic animals, 2Sfl 
cyanldo effect, 285 
rabbit cornea, 303 
rat spleen, 316 
sand dollar egg, 30S 
Id homogrnate technique, 318 
of intact animals, 276 ff. 

determination, 284 
in right hrart eatbeterixatkm 
apparatus for measuring, 225 
raeasuromcnt.229 
. of tHsuo dices, 201 


Parrwunlnohlppuric acid in renal clear- 
ance, 101, 105 
determination, 100, 108 
Penicillin, see alio Penicillin assay 
pyrogen loti, 02 f. 
safety teats — toxicity, 03 
tests for sterility of sample, 63 
Penicillin assay 
alkaUmetrio method, 34 
with hydrogen peroxide, 35 
colorimetric method 
penicillin broth, 34 
penicillin powder, 83 
of concentration In body fluids, 24 ff. 
eup-plate away of concentration In 
plasma (S. luUa), 25 f. 
cylmdor-plate technique, 4 ff. 
for differential a*ay, 15 ff. 
estimation of potency and error, 7 
eatimatkm of potency by standard 
curvo technique, 10 
three-hour procedure, 20 ff. 
differential a*ay — cy Under-plato tech- 
niques, 16 n. 
with B. mvMOu, 16, 17 
with L. dextrameum, 17 
media, 10 f. 

penicillin K analysis, 18 
penicillin X analysis 18 
with Stapb- avmt, 15 
filter paper dak method, 12 
floorcanetric method, 36 L 
pgolrdllin Q 

N-ethyl piperidine method, 38 
spoctrophotomotrio methods, 89 ff. 
penicillin Kjjil f. 

amdytds m differential away pro- 
cedures, 18 
penicillin X. 41 

analysis in differential aaaay pro- 
cedures, 18 , 

physical development method, 20 ff. 
stock solutions, 21 

• -l241L 


ioial dflntkm In body fi 
B. n MH m, 26 f. 


B. tvUUU rcducfaao method, 23 
hemolytic itreptococd, 29 
hemolytic streptococci (capillary 
tubes), 80 

hemolytic itreptococd (phenol red 
broth}, 20 f. 

susceptibility of organisms— rapid de- 
termination, 18 

three-hour cyllnder-plato technique, 
tf Ira lion 

by iodomctric method, 35 
uainp pcrddlErmae, 36 
turWdmietrie method, 22 ff. 
types in mixtures, 14 
Pcnteflllnaae: for penldUm assay by ti- 
tration, 30 f. 

Pontoee in tissue: colorimetric analysis, 
346,855 
Perfusion 


neurogenic vasomotor response to, 244 
of vascular bed at constant head of 
pressure, 110 
Perfusion systems, 119 ff. 
artificial 

air expansion systems for, 107 
pump lung system, 119, 120 
•olutiona for, 110 

for aaany of drugs, tissue extracts, etc-, 
hindleg 

of dog. 120, 122 

of^toad — lAwen-TrendetenburR, 129 

isolated heart — rotameter with, 08 
Isolated kidney, 120, 108 
for isolated organa or regions, 110 ff. 
for measure of blood flow in skin and 
muscle, 120, 121 

rabbit 1 ! ear — for study of vasocon- 
strictors, 123 ff. 
apparatus, 123 ff. 
calculation of vasoconstriction , 128 
fluids, 120 
procedure, 126 ff. 
reservo irs, 110, 120 
with strain gauge, 70 
Pet At tube device, 101, 102 
Pbenotphthalein 
for gastric analysis, 200 
reagent for cyanide gas determination, 
286 
Phosphate 
aminoethyL in tksue 

barium-alcohol precipitation, 341 
calculation, 352 

dfhydroxyacetone, in tissue — calcula- 
tion, 350. 355 

fnorganlo f ortho-) — colorimetric an s l y- 

propanediol. In tissue 

barium-alcohol precipitation, 311 
raTfjilatinn, 852 
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ribcwr, in tbiuo — calculation, 351 
S-giymaldeiiyde, fn ttasas— calouU- 
tlon, 350 

ITioiphoereatine in tbrUQ 
mJ on Litton, 540 
colorimetric onaiyois, 34-1 
Fho*phoxlyceric arid: In tiawe, calcu- 
lation, 348 

PlxxphopyTtnrie add: In tbaue, ealcu- 
Lttfco, 350, S5S 
Phoapborui 

total — colorimetric analveis, 515 
'‘true” inorganic — colorimetric anaJy- 
ffk, 344 

Phoaphorylntion 

in in tact tisrom— mlcrometboda, 838 
oxidative, in throe homogenate*, 331 
Phototube 

for elec tro kymograph, 234 
far pbotoeioefrio ptuiyamograph, 178 
Pliatim: cementing procedure*, 140, 278 
Plethramogrophjr 

fluid displacement, 182, 183 ff. 
apparatus, 183 ff. 
op plication*, 188 
chamber, 183 

interpretation of record, 187 f. 
technique, 185 
photoelectric, of okim 177 ff. 
amplifier and rectmer*, 178 
calibration of record, 179 ff. 
phototube, 178 
procedure, 178 ff. 

recording of photoelectric correct*, 
178 

with portable opporatu*, 106 ff. 
apparatus, 100 ff. 
calibration of record, 172 ff. 
procedure, 100 ff. 
volume deflection*, 172 ff. 
p i cr i m e, 183, 188 ff. 
opperatu*, 189 


application, 190 
technique, l 1 


. . 90 
Pneumotachrarain, 231 
Prioool 

effect on cardiovascular roapanee to 
other agent*, !M0 

and neurogenic viaomotor toco, 243 
Propanediol pbaaphate In tiaroe 
bariuxn-alcobol precipitation, 841 
calculation, 852 
Pump* 

for conotont flow i eip lr ometer, 377 
mlcromodlflcatkm, 280 
return flow — for reooua drainage re- 
corder*, 74 


Rat 

O, convnmption of Uwtie, 197 
oplccn, with cyanide, 318 


Reageoti 

for creatinine dotorminathm, 197 
cyanide-carbonate, 347 
cyanogen bromide, 347 
ferric Iron, 347 

for inorganic (ortho-) phoap hate micro- 
colorimetric anolyiia, 344 
forinailn determination, 197 
Neasierit, 347 

for NjO onaiyihi of ccnjbcaJ Wood, 200 
ordnol, 340 

oxidized nitropnaakfe, 54 
for p-amlnohippuric odd determina- 
tion, 106 

p-hydroiydJphcoyL 34fl 
for penicillin O— -N-ethyi pfporidine 
•way. 88 

phenoipbtnailn, for cyjmido gai deter- 
mination, 280 
photol, 347 

for plaama filtrate determination in 
renal clearance, 190 
for itreptomycta chomiaU aooay of 
body flnfcb 
plasma, 55 
urine, 55 

for atroptomjrin colorimetric (maltoi) 

Topfer’a, /or gastric analytia, 200 
IlocortW*, mi apedfic apparata* 

Renal clearance, 194 ff. 
analytical methods, 190 ff. 
colorimetric procedure, 108 
creatinine determination, 197 
lnulin determination, 197 
p-ominohipKirie aria determination, 

plaama filtrate preparation, 196 
procedural for oatlmation, 105 ff. 
collection of blood, 190 
collection of urioeL 105 
tnfnoioci method, 195 
Renin 

pressor effort, 252 f. 

•taiKiardiaation, 253 
unit for, 246, 252, 253 
Respiration, ceflalor, 274 ff. 
in homogenate*, 817 
in intact animal* 276 ff. 
R^datermtnatiom In reap borne ter, 

in tioroe alien), 289 ff. 

Reap borne ter, canatant flow, 276 ff. 
opperatu* , 270 ff. 
for aquatic anbnab, 279 
calibration, 281 

center well rrdrturoa, 285 f., 306 f. 
chamber eonotroetlon, 278 
waling mixture, 270 
CO, otaorptJon, 283, 284, 314 
cyanid# eqnfllbriam with center well 
■o lotion*, 308 t. 
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In cranfclo Inhibition studio, 385 
equilibration, 2S3 
go* and fhikl volumes, 2S1 
moa*urccncct of reapirntion of Intact 
animals, 276 ff. 
micro rood {/leaf too, 370 
pump, 280 
Oj rrp Is cement, 2$3 
pump, 277 

for mtanmodi Station, 2S0 
reading: and calculation, 282 
RQ detwminntkm*, 284 
•enritivity, 2S0 
thormobnrotneter for, 270 
Warburg, for (fcwuo suet technique, 280 
Ribaso phosphate: In tlaspo— calcula- 
tion, 351 
Rotameter, 96 ff. 


apparatus, 06 f. 
bubble r 


9 meter for standarditatfoD, 98 
calibration, 07, OS, 00 
evaluation, OS 

in perfusion of isolated heart and l>eart- 
lunpj preparations, OS 


8 


Bond dollar cf*: O, consumption with 
cyanide, 808 

8ldn temperature measurement, 146 ff. 
interpretation in terms of peripheral 
circulation, 167 ff. 
critique, 161 IT. 

thermal circulation index, 168 ff. 
“normal” levels. 167 
with radiation thennopDo, 1J1 ff. 
with reristanee thermo met era, 153 ff. 
with thermocouples, 146 ff. 

Biker* for froah tksme, 201 ff. 

Martin. 203 
Rtodie-Higg*, 202 


Terry, 2 . 

Thomas-DeEds, 202 
Solutions, •*• also Media 
epinephrine, for rat moaoappcodbt 

Infusion, for renal clearance, 195 
Ringer's bicarbonate, 299 
Krobe-iienanWt, 299 
Ringer's giatin, for mewjeppeEidtx, 

r'a modified, for perfutioo of rab. 

bit's ear, 126 


Sto ™d^prfnc^lo : and cerebral blood 
Stomach 

aridity — determination*, 269 ff. 
antacid effects, 272 
effects of dm**, 272 
reofinnU fon2B 
teat mealj, 270 ff, 
unit* for expression, 272 
secretion* 

basal— determination, 270 
drags affecting. 272 
pH determinations, 200 
8 train gauge, 75 ff. 

perfusion reaerroir for, 76 
Streptomycin 

pyrogen teats, 02 f. 
safety tecta— toxicity, 03 
teat for histamine content, <H 
teats for storiBty of sample, 64 
Streptomycin assay 
chemical assay of body fluids 
with plasm* 66 
with urine, 65 
colorimetric methods 
maitol, 63 f. 

ttddiiod nltropruaride, 64 
eyiinder-plato technique, 43 ff. 
serial dilution (N. pnesmoa/o*), 46 ff. 
serial dilation in body fluid* 

B. eimcknu, 49 
SiajA. (jwni. 60 f. 
susceptibility of oraanisms — rapid de- 
termination, 13 

titration In blood serum (Kleb*k>Jla), 

61 

turbWinietrio method, 46 f. 

Btromuhr* 

Lodwiy type, 78,79,80 
eroas-transf o*Jon apparatus, 79 
tbermoatromuhr, 89 ff. 

Quednb dehydrogenase: assay In ho mo- 


8agar, reducing: colorimetric analysis, 
846 


Krebs’, 298, 290 
Krebs' modified, 2 W 
RpfCtronhoto meter : In tiasuo mrtabollte 

^atyK%»« 

Rnkon: rat, O, oonauroptkm with cyw- 
nlde,315 


Template techniaue for tissue soring, 293 

Thermal dreulatxm index, 158 ff. 
nomogram, 100 

TbennoEaroineter: for constant flow 
reap tro meter, 276 

Thermocouple*: for measurement of 
sldn temperature, 140 ff. 
cfllfirraticm, loO 
construction. 148 ff. 
oo Id Junctions, 160 
ralvmno meter, 160 
hot Junctions, 149 
load wires, 149 
^rors, 161 
evaluation, 166 
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Itm aon eten. re*ktan«: for rowanre- 
meat of skin temperature, IBS 5. 
apparalu*, IBS f. 
error*, 155 
Wtlourtou, 156 

Thermopile radiation: for measurement 
of son temperature, 151 ff. 
evahutkm, 1B6 

Thertnoatrotnuhr, direct correct, £9 ff. 
apparatu*, 89 n. 
of Bakk* and Herrick, 89 f. 
of Bennett, 8 wort and Baaactt, 91 ff. 
of Schmidt ri nl, 90 f. 
calibration, W 

for bejailo Wood flow measurement, 

Tbioaulfate*. to rarrnl clearance, 198 
Tisane metabolite anahai* by in situ, 
freexing, 337 ff. 

{netiormtion with barium, 340 ff., 353 
frosting awnta, 337 f. 


mJerocojcrirnetrie method*. Sit ff. 
preparation and extraction of tfawe, 
839 

tpedflo eompotmria— drtorminatloa 

and calculation, 348 ff. 

Tiwoe aBee reapiratfon, 289 ff. 
cerebral cortex, 295, 300 
heart, 296 
kidney, 296 
fiver, 295, 300' 

media for autperaion of tbsoo. 298 ff. 
metabolic rate — expresakm, 3C3 L 

8 notation, 803 
notation, 304 
Z notation, SOI 

metabolising material — determination, 
801 ff. 

cell count*, 903 
dry weight, 301 

dr^vngfct by protein precipitation., 

intrarrflular pba*» standard, 803 
nitroam determination, 803 
nucleic acid standard, 303 
wet weight, 801 
method, 289 

mo 1*1 cold box technique, 290 ff. 

preparation of section*, 291 tL 
preparation of section* 291 ff. 

•Being technknxa, 291 ff. 
skeletal tmacle, 296 

nuAcle atrip technique, 397 
slice thickness, 293 ff . 
measurement, 294 
rate of reD respiration, 293 
theory, 293 


•Being techniques, 291 ff. 

Deutsch nwtbod, 293 
Martin aflcer, 292 
Htadie-Riaxa microtome, 292 
template technique, 293 
Terry alieer. 293 
Tbomaa-DeEd* alker, 293 
Transparent chamber technique, 139 ff. 
apparatus, 139 
evaluation, 143 ff. 
procedure. 141 

Trioaephoaphate: in tissue — calculation, 
S50, S55 

Tyroddinc : in tvrothridn may, 57 
Tyrothricin assay: biologic method, 57 
supplementary met bod, 58 


Ulcer, pep tie 
an Urdus for. 373 

production fo Maan-WUllamaoo dog, 
283 ff. 

incidence and time of occurrence, 
205 

Urea: for hepatic blood flow rtudy, 202 


Vasoconstrictor aubatancea 

and cardiovascular activity — analytic, 
345 

perfusion of rabbit's car for atodj of, 
128 ff. 

Vaaopreaeor substances: and cardio- 
vascular activity — analysis, 245 

Vaao tropic substances: rat mesooppen- 
dtx teat for, 138 f. 

Venous drainage rooorder*, 68 ff. 
m alto specafio apparatus 
chamber, emptying mechanism*, Q$ 
direct reading rate, 71 ff. 
drop recorder*, 73 ff. 
pressure regrftratloa, 68 
pump, for return flow, 74 
reapirometer type, 08. 00 
•lope or integrating, 68 ff. 
calculation of flow, 06 
outflow chamber, mechanisms for 
emptying, 68 
pressure regktratkm, 68 
strain gauge, 73 ff. 

weight recorder, mechanically indicat- 
ing. SS, 70 
optical recording, 68 

Ventarimeter, 101, 103 

T«n»u wrreniaria; O* eonaumpikm In 
constant flow rwpiro meter, 2S7 
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